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26th Solvay Conference on 
Chemistry — Brussels, 
17-19 October 2022 


HOTEL PLAZA — 17 OCT 2022 


Dear Jean-Marie, 

Dear Members of the Solvay Family, 
Dear Colleagues, 

Dear Friends, 


It is my great honour and pleasure to open the 26" Solvay Conference on 


Chemistry. Its theme is “Chemistry Challenges of the 21st Century". 

We are celebrating this year the 100" anniversary of the first Solvay 
Conference on Chemistry, which took place in Brussels in 1922. 

The title of the 1922 conference was “5 questions d'actualité". What 
were these 5 topics which were drawing the research of chemists in those 
days? These were: 


— “Isotopes and radioactivity" with reports by Soddy, Aston Perrin and 
Urbain 

— "Analysis of molecular structure by X-rays" with a report by Bragg 

— "Molecular structure and optical activity" with reports by Pope and Lowry 

— “Valence “with a report by Mauguin 

— "Chemical mobility" with a report by Job. 


This is an open access article published by World Scientific Publishing Company. It is distributed 
under the terms of the Creative Commons Attribution-NonCommercial 4.0 (CC BY-NC) License. 
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How much knowledge has been gained since then! Perhaps the best 


way to illustrate the expansion of the scope of chemistry in the century 
that separates us from the first conference is to give the list of all the 
Solvay conferences on chemistry, 
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. 1922 « Cinq Questions ď’ Actualité » 

. 1925 « Structure et Activité Chimique » 

. 1928 « Questions d' Actualité » 

. 1931 « Constitution et Configuration des Molécules Organiques » 
. 1934 « L'Oxygéne, ses réactions chimiques et biologiques » 

. 1937 « Les Vitamines et les Hormones » 

. 1947 « Les Isotopes » 

. 1950 « Le Mécanisme de l'Oxydation » 

. 1953 « Les Protéines » 

. 1956 « Quelques Problémes de Chimie Minérale » 

. 1959 « Les Nucléoprotéines » 

. 1962 « Transfert d' Energie dans les Gaz » 

. 1965 « Reactivity of the Photoexited Organic Molecule » 

. 1969 « Phase Transitions » 

. 1970 « Electrostatic Interactions and Structure of Water » 

. 1976 « Molecular Movements and Chemical Reactivity as condi- 


tioned by Membranes, Enzymes and other Molecules » 


. 1980 « Aspects of Chemical Evolution » 
.1983 «Design and Synthesis of Organic Molecules Based on 


Molecular Recognition » 


. 1987 « Surface Science » 
. 1995 « Chemical Reactions and their Control on the Femtosecond 


Time Scale » 


. 2007 « From Noncovalent Assemblies to Molecular Machines » 
. 2010 « Quantum Effects in Chemistry and Biology » 
. 2013 « New Chemistry and New Opportunities from the Expanding 


Protein Universe » 


. 2016 « Catalysis in Chemistry and Biology » 
. 2019 « Computational Modeling: From Chemistry to Materials to 


Biology » 
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This list shows great diversity in the themes, ranging from physical 
chemistry to biochemistry. The theme of the centenary conference that 
starts today is voluntarily broad and reflects the huge span of topics in 
which chemistry plays a central role. 


"kk 


There are many interesting scientific aspects connected with the his- 
tory of the Solvay conferences on chemistry. 

However, while the history of the Solvay conferences on physics is 
well documented, with many books written about it, the history of the 
conferences on chemistry is still to be written to a large extent. 

Only a few conferences have drawn some attention of the historians 
of science and much more remains to be done. 

Thanks to the remarkable support of the Solvay family — and thank 
you again, Marina and Jean-Marie for supporting this initiative -, we have 
started the systematic classification and study of the chemistry archives of 
the Institutes. They constitute a mine of information about the develop- 
ment of chemistry in the 20" century, which we must bring to light! 

You will have a first taste of the work being done in two lectures on 
the history of the 1922 conference, one this morning, and another one at 
the banquet tomorrow. 


"kk 


Before we start, let me recall the format of the Solvay Conferences. 
Ernest Solvay wanted to put in contact the best scientists from the world 
by inviting them to meet periodically in small number in order to discuss 
in depth questions chosen by them before the meeting. 

These are thus conferences by invitation-only, with a limited number 
of participants. The presentations are short in order to leave a lot of time 
to the discussions. Scientific interactions are privileged over talks. 

For the discussions to be fruitful, at least two conditions must be met: 
(1) First, participants should attend the full conference. (2) Second, an 
extremely careful preparation is clearly needed. We all know that sponta- 
neous discussions only work if there is preparation! 

I would like to express the gratitude of the International Solvay 
Institutes to all the scientists behind this careful preparation: the two 
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chairs of the conference, Professors Kurt Wüthrich (who is also the chair 
of the International Solvay Scientific Committee for Chemistry) and Ben 
Feringa, the session chairs and also, the local scientific team led by our 
colleague Anne De Wit, who has dedicated an enormous amount of her 
time to make sure that the conference could proceed as smoothly as pos- 
sible, something that has not been easy given the many last-minute cancel- 
lations due to the sanitary crisis. 


"kk 


Professor Kurt Wüthrich will now also say a few welcome words. 
Kurt has been helping us for about 12 years now as Chair of the 
International Committee for Chemistry and has been directly involved in 
the organization of 4 Solvay conferences. It is a great pleasure for me to 
give him the floor. 


"kk 


Thank you very much for your attention. 
Marc Henneaux 
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Preface by Professor Kurt Wüthrich, 
chair of the 26" *Centenary" Solvay 
Conference on Chemistry 


"Chemistry Councils" organized under the auspices of Ernest Solvay, of 
which the first was held in 1913, paved the avenue that led to the first 
Solvay Conference in Chemistry in 1922. This early history of the Solvay 
Conferences on Chemistry was reviewed in the November/December 
2013 issue of Chemistry International, pages 4-11, under the titles 
"A Look Back at Ernest Solvay” and “The Solvay Chemistry Councils". 
Following the inaugural 1922 Conference, Solvay Chemistry Conferences 
were held in regular three-year intervals until 1937, and again after the 
Second World War from 1947 to 1965. From 1969 to 1995, seven confer- 
ences were held at irregular intervals, and after an interlude of twelve 
years the regular three-year schedule was adopted again in 2007, so that 
we had the 26th Solvay Conference on Chemistry in 2022. Remarkably, 
the conferences up to 1962 were held in French, and English has been the 
conference language only since 1965. 

The themes of the first three conferences, Cinq Questions d' Actualité", 
“Structure et Activité Chimique" and “Questions d’ Actualité” were very 
general, but since 1931 the individual Conferences were focused on spe- 
cial areas of chemistry. During much of the ensuing history, biology and 
biochemistry were prominently represented in the scientific Conference 
programs. Examples are 1937 “Les Vitamines et les Hormones”, 1953 


XXXI 


xxxii Preface by Professor Kurt Wüthrich 


"Les Protéines”, 1959 "Les Nucléoprotéines", 1976 “Molecular 
Movements and Chemical Reactivity as Conditioned by Membranes, 
Enzymes and other Molecules’, 2013 “New Chemistry and New 
Opportunities from the Expanding Protein Universe", and the word 
"Biology" was also part of the themes of the 2016 and 2019 Conferences. 
In the centenary meeting we returned to a general theme, similar to the 
first three Conferences, addressing burning societal issues of the 21* cen- 
tury. We investigated possible roles of chemistry in dealing with environ- 
mental issues and climate change, emphasizing sustainability for the 
future of chemistry, research on new materials and searches for novel 
renewable energies. Considering the Covid-19 pandemic during the years 
preceding the Centenary Conference, we addressed the important role of 
chemistry in the defense against newly emerging pathogens. 

The early history of modern chemistry relates to a small number of 
outstanding individuals, and this was also reflected in the early format of 
the Solvay Conferences. Each one of the scientific sessions contained in a 
Conference was introduced by a single “Rapporteur”, who presented the 
current status of the session theme. However, over the years the number 
of scientists working in an ever-increasing variety of chemistry specializa- 
tions increased to the point where the individual view of a "Rapporteur" 
had to be replaced by presentations of diverse views by a group of scien- 
tists, providing a broader foundation. It is quite unique to the Solvay 
Conferences that the remaining part of each session is devoted to an open 
discussion among all 40 to 50 invited participants, which is recorded as 
part of the Proceedings. 

For the Centenary Conference this format of the preceding three 
Conferences was maintained, and all invited participants had formal 
assignments in the scientific program. In advance of the Conference, the 
chairpersons and the panelists of each session contributed short articles 
presenting their current views on the theme of their session. These papers 
were sent to all participants during the week before the Conference. In 
Brussels, each of the six scientific sessions was then opened with a gen- 
eral introduction by the chairperson and short presentations of five to 
seven panelists. The transcripts of the ensuing general discussions among 


Preface by Professor Kurt Wüthrich xxxiii 


all invited participants, as edited by “Auditors” and then further checked 
by the discussion contributors for correct scientific content, are the core of 
the Proceedings. For each session, they are preceded by the introductory 
reports of the session chair and the panelists. The first Session on 
“Catalysis for Sustainable Chemistry" had originally been organized by 
the late Robert H. Grubbs, who we dearly missed in Brussels. David 
MacMillan had kindly accepted to take over the chair of this Session, add- 
ing his personal touch to its program. The Session 2, “From Molecules to 
Dynamic Supramolecular Systems" was organized and vividly chaired by 
Ben Feringa. Omar M. Yaghi presented a highly exciting Session 3 on 
"Reticular Chemistry and New Materials». In Session 4, “New Chemistry 
for Renewable Energy", Daniel Nocera had assembled a program that 
presented this important aspect of the future of humankind from carefully 
selected different viewing angles. In Session 5, Sabine Flitsch addressed 
another important direction of sustainable chemistry, with the theme 
"Directed Protein Evolution for Green Chemistry". The final Session 6, 
organized by Gerald Joyce, *RNA Chemistry to Explore our Origins and 
Fight Viral Pandemics" combined two additional themes of high interest 
and urgency. It was a special privilege for me to enjoy the help of so many 
in the preparation of this broad scientific program for the Centenary 
Solvay Conference on Chemistry. I want to especially acknowledge the 
co-Chair of the conference, Prof. Ben Feringa, and the Chairpersons of the 
individual Sessions for their support. 

Today's Centenary Conference and the scientific activities during the 
past one-hundred years were only possible with the continuous unwaver- 
ing support of the Solvay family, to whom we owe deep respect and grati- 
tude. Mr. Jean-Marie Solvay, President of the Solvay Institutes, Mrs. 
Marie-Claude Solvay de la Hulpe and Mrs. Marina Solvay showed their 
close personal interest and kind support by attending parts of the scientific 
program and the social events of the meeting. We greatly appreciate the 
generous support by the Solvay Institutes represented by Prof. Marc 
Henneaux. Special thanks go to Prof. Anne De Wit and Prof. Laurence 
Rongy, who organized the recording and transcription of the scientific 
discussions by a group of local scientists (the "Auditors"). Dominique 
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Bogaerts and Isabelle Van Geet from the Solvay Institutes made our lives 
easy and enjoyable with their commitment and dedicated assistance; we 
owe them our heartfelt thanks. 


2023-03-21 
Kurt Wüthrich 
Chair of the Conference 
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Tribute to Professor K. Wüthrich 


Dear Professor, 

You made your first appearance at our conferences in 1983. 

The title of your presentation was “Glucagon Conformation in differ- 
ent Environments: Implication for Molecular Recognition”. 

At the time, the structure of glucagon had already been identified by 
X-ray crystallography. However YOU discovered through nuclear mag- 
netic resonance spectroscopy that in solution in water its structure was 
totally different. By investigating the environment and their interactions of 
the protein with solvent molecules such as water. You could see the gluca- 
gon in 3D, 29 amino acids that end in a helicoidal structure. 

When you presented your structure, Robert Huber who studied pro- 
teins with X-ray crystallography said “This is not possible, one can not 
identify a structure in solution in water because the molecule moves all the 
time. You can not photograph with precision an object in rapid 
movement". 

You were quite upset! 

So you left the lab and went skiing for two years in Wengen. You 
became a ski instructor. You even trained with the ski team. 

Then Hoechst gave simultaneously to you and to Huber one of their 
products to study. In a few months you had identified its structure in solu- 
tion with NMR spectroscopy. 

On the other hand, Huber and his assistant took a longer time with 
their mono crystals images only to discover that they had found the same 
structure as yours. 


XXXV 
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In 1997, Europe was going through the Mad Cow Crisis, and you 
described the structure of the protein “Prion”. 

This protein had a long tail, it was new! 

When you use the NMR spectroscopy method you are able to work in 
solution. You do not need mono crystals and you are closer to physiologi- 
cal conditions. 

You were awarded the Nobel prize in 2002 for the “development of 
nuclear magnetic resonance spectroscopy for determining the three- 
dimensional structure of biological macromolecules in solution". 

And then you made the Institutes the great honor to join the 
International Chemistry Committee in 2005. 

In 2011, you became Chairman of the committee. 

You have been thriving at bringing together brilliant minds to discuss 
their views and ideas on topics in the same way started by Lorentz in 
1911. 

We have appreciated your work and the commitment you gave to this 
task. 

Thanks to you the Solvay International conferences of Chemistry 
have lived up to their reputation and excellence. 

Many thanks for all what you have done for the Solvay conferences. 


Marina Solvay 


Image courtesy of David MacMillan 
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Sustainable Synthesis via Novel 
Activation Modes: Organocatalysis 
and Photoredox Catalysis 


Colin A. Gould and David W. C. MacMillan 


Department of Chemistry, Princeton University, Princeton, 
NJ 08540, USA 


Catalysis for sustainable chemistry 


Catalysis impacts society broadly, enabling advancements in diverse areas 
that range from renewable energy to drug discovery. Indeed, around 35% 
of gross domestic product (GDP) globally relies on catalysis [1], and over 
75% of all industrial chemical transformations and 90% of newly devel- 
oped processes utilize catalysts [2]. Due to the ubiquitous and essential 
nature of catalysis, the development of more efficient and environmentally 
friendly catalytic processes represents a key step towards a more sustain- 
able future. 

Within chemical industry, the pharmaceutical and fine chemical sec- 
tor is a particularly crucial area for the implementation of sustainable 
catalysis. Pharmaceutical and fine chemical synthesis is currently reliant 
on non-sustainable technologies, such as precious metal catalysis [3], and 
this sector generates over an order of magnitude more waste per product 
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(kg/kg) than other areas of the chemical industry (e.g., bulk chemical 
synthesis or oil refining) [4]. Over the past several decades, significant 
progress towards the sustainable synthesis of pharmaceuticals and fine 
chemicals has been achieved by replacing non-sustainable chemistry, 
reducing waste, and increasing efficiency [5]. For instance, technologies 
such as base-metal catalysis [6], biocatalysis [7], and organocatalysis [8] 
have been developed that can be substituted for precious metals in some 
chemical transformations. As an example, in the manufacturing process of 
the type 2 diabetes medication Sitagliptin, scientists at Merck developed 
a biocatalytic transamination reaction to replace a rhodium-catalyzed 
asymmetric hydrogenation, resulting in a substantial increase in produc- 
tivity (53% increase in kg/L per day) and yield (10-13% increase) and a 
reduction in waste (19% decrease), while simultaneously eliminating the 
need for precious metals in this process [9]. Clearly, the development of 
more sustainable technologies can render the pharmaceutical and fine 
chemical sector more environmentally friendly, while simultaneously 
increasing productivity and efficiency. 

In the following sections, I will briefly summarize my lab’s contribu- 
tions towards sustainable catalysis, focusing on the areas of organocataly- 
sis [10] and photoredox catalysis [11, 12], and discuss future directions in 
these areas. 


My recent research contributions 


My lab focuses on the development of novel activation pathways that 
enable new chemical transformations, including work in the fields of 
organocatalysis [10] and photoredox catalysis [11, 12]. In particular, syn- 
thetic methodologies developed by my lab utilize native functional groups 
such as carboxylic acids [13, 14], alcohols [15], and even C—H bonds 
[16-18] as versatile cross-coupling handles to enable the expedited syn- 
thesis of complex molecules from abundant, bench-stable precursors. 
Such methodologies have been rapidly adopted by the fine chemical and 
pharmaceutical industry, enabling more efficient and sustainable synthe- 
ses of target compounds. 

For example, the fragrance company Firmenich currently synthesizes 
a target compound — Lily of the Valley (Fig. 1) — through a single-step 


O H2, Pd Al(OiPr)3 à LiAIH, 
© OEt 
————————. co 
Oe Md Me Ht catalyst OEt 
Me 
(S)-Limonene R Ao “Lily of the Valley” 


initial route: 6-step sequence from limonene 


abundant starting materials minimal waste generated 


no isolation of intermediates low energy consumption 


no energetic reactants new photoredox approach on scale: single photocatalytic step highly scalable reaction 


catalytic activation 


1.0 equiv. 1.0 equiv. Q c 


abundant feedstocks biomass origin 


Fig. 1. Expedited synthesis of Lily of the Valley through the merger of organocatalysis and photoredox catalysis. 
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chemical reaction that is promoted by the combination of an organocata- 
lyst and a photocatalyst [19], an approach that was first developed in my 
lab [20]. This organophotocatalytic process allows the initial six-step 
route to Lily of the Valley to be reduced to a single step, starting from a 
biomass-derived precursor, (—)-(-pinene, and a feedstock chemical, pro- 
panal. The optimized route eliminates toxic or energetic reagents (1.e., 
peroxy acids and pyridinium chlorochromate), while also minimizing the 
waste generated during the synthesis, resulting in a significantly more 
sustainable process overall. 


Outlook to future developments 


Since their development, organocatalysis, and photoredox catalysis have 
been rapidly adopted by both academia and industry, but most methodolo- 
gies that utilize these activation modes are designed for small-scale pro- 
cesses (i.e., «1 gram output). Translating more of these methodologies to 
an industrial scale is thus an essential goal, and, excitingly, significant 
progress is currently being made in this direction [21, 22]. I am optimistic 
about the long-term adoption of these activation modes at the commercial 
scale by chemical industry, and I believe that this constitutes an important 
route towards making catalysis more efficient and more sustainable. 
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Designing Catalysts for Selective 
Aerobic Oxidations of Hydrocarbons 


Karen I. Goldberg 


Department of Chemistry, University of Pennsylvania, 
Philadelphia, PA 19146, USA 


Catalysis for sustainable chemistry: Catalytic 
systems for the direct aerobic oxidation of alkanes 


Despite the growing deployment of renewable sources of energy, society’s 
dependence on fossil fuels is predicted to continue for decades into the 
future [1]. Our heavy reliance on crude oil for energy and as a feedstock 
for our chemicals severely limits our efforts to address climate goals. The 
large amount of natural gas that is currently being wasted by flaring (direct 
conversion to carbon dioxide with no energy capture) is also alarming. 
Natural gas, a by-product in oil drilling, is often flared because no eco- 
nomically viable means exist for transporting it or converting it on-site to 
a liquid chemical or fuel; more than 144 billion m? of natural gas were 
flared worldwide in 2021 [2]. Methane, the largest component of natural 
gas, has greater warming potential than carbon dioxide and is a significant 
contributor to the temperature increase experienced since the industrial 
revolution. Notably, fossil fuel production is only one source of methane 
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emission, with other large anthropogenic sources being landfills and 
enteric fermentation. 

A two-step conversion of methane to methanol (a liquid product, 
which can be more economically transported) has been operational since 
the middle of the last century. However, this commercial process is highly 
energy intensive and must be carried out on a large scale to be economi- 
cally viable. It is an indirect process in which methane is steam reformed 
over a heterogeneous catalyst at high temperatures (ca. 700—1000?C) to 
produce carbon monoxide and hydrogen gas followed by recombination 
of the carbon monoxide and hydrogen over a different heterogeneous cata- 
lyst to produce methanol. Developing technologies for direct methane to 
methanol conversion under mild conditions which could operate on a 
smaller scale could significantly impact climate change progression. 
Similarly, mild aerobic alkane dehydrogenation processes would allow for 
the low-temperature conversion of the light alkanes in natural gas (ethane 
and propane) to olefins. 

The remarkable ability of homogeneous transition metal compounds 
to selectively activate strong alkane C-H bonds under mild conditions 
makes them particularly attractive to target as catalyst candidates for the 
direct conversion of natural gas to valuable chemicals and fuels. 
Homogenous compounds are already known to selectively activate meth- 
ane and convert it to methanol or derivatives thereof [10—11]. However, the 
oxidants used in these reported processes are expensive and/or hazardous. 
For a commercially viable process, molecular oxygen as the oxidant will 
almost certainly be required. Air or oxygen is the ideal oxidant because it 
is abundant, cost-effective, and environmentally benign, generating only 
water or hydrogen peroxide (which typically decomposes to water) as by- 
products. Notably, almost all large-scale commercial organic oxidations 
use O,, either in the form of air or separated from air as the oxidant [12]. 


Mechanism of the reactions of homogeneous metal 
complexes with oxygen 


The first examples of C-H bond activation of alkanes, including meth- 
ane [13], by homogeneous metal complexes were reported some 
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50 years ago, and the mechanisms of these reactions have since been 
studied in great detail [2-11] However, selective activation of the C-H 
bond is only one step required in the direct aerobic partial oxidation of 
alkanes, and most of the studies, on this step and on the subsequent 
steps, have been carried out in oxygen-free environments. Because most 
organometallic chemists rigorously avoid oxygen, working in glove- 
boxes and on Schlenk/vacuum lines, the field has very limited informa- 
tion about how organometallic compounds react with oxygen and 
further how the key C-H activation step itself can be carried out effec- 
tively in the presence of oxygen. Thus, a significant challenge for the 
development of commercially viable aerobic oxidations of methane, 
other light alkanes, and hydrocarbons in general is to learn how organo- 
metallic complexes react with oxygen. 

With the goal of selective aerobic hydrocarbon oxidation in mind, our 
team has been actively investigating the reactions of late transition metal 
complexes with molecular oxygen [14-19]. Important with respect to 
aerobic methane oxidation, we have demonstrated the insertion of molec- 
ular oxygen into metal-methyl bonds as well the aerobic oxidation of 
metal-methyl complexes leading to methanol products and have carried 
out extensive mechanistic studies of these reactions. 

In addition to learning how metal complexes react with oxygen, we 
also need to learn how to promote C-H activation effectively in the pres- 
ence of oxygen. It appears that the key to an oxygen-compatible C-H 
activation reaction may be the mechanism of the C-H bond cleavage. For 
example, the low valent electron-rich metal centres that are required for 
an oxidative addition mechanism of C-H activation often react directly 
with oxygen, water, and/or the functionalized alcohol products of aerobic 
oxidation. In contrast, systems that activate alkane C-H bonds via mecha- 
nisms in which the metal maintains its oxidation state, such as metal— 
ligand cooperation (MLC) or concerted metalation-deprotonation (CMD), 
are less likely to be affected by oxygen. Shown in Fig. 1 are two proposed 
cycles for aerobic oxidation of alkanes as mediated by a transition metal 
centre; the one on the left is for methane to methanol and the cycle on the 
right is for alkanes to olefins. Both are shown using CMD-type C-H acti- 
vation mechanisms, but MLC pathways can also be envisioned. The 
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Methane to Methanol Alkanes to Olefins 
ROH ‘ 0.5 Oz E 
H2O M-X R 
ROOH y M-X ~ RH 2 
HX 
HX HX + 0.5 O2 
HX 
M 
M-OOR M-R TN Ut 
Cs ZR 
RH + 0.5 0; —> ROH -NR + 0.50; —- 27g + H20 
R = CH3 R =H, CH; 


Fig. 1. Two proposed catalytic cycles for aerobic oxidation of methane and light alkanes 
to methanol and olefins, respectively. 


individual reaction steps shown in these cycles each have literature prec- 
edent, and studies of the mechanisms of these individual steps are con- 
tinuing to provide insight into the best metals, ligands, and reaction 
conditions. These factors for each reaction must then be balanced to opti- 
mally design a single metal-ligand system that can catalyze the full cycle 
with high activity and selectivity. 


The outlook for this sustainability catalysis challenge 


Direct alkane functionalization was first termed a “holy grail” in 1995 [3]. 
We are not there yet, but tremendous progress has been made. Global 
interest in sustainability and climate change have heightened the impor- 
tance of carrying out this transformation on commercial scale using oxy- 
gen as the oxidant. From catalytic studies to detailed mechanistic 
understanding, many of the stumbling blocks have been identified and 
strategies to remove them or design around them are being deployed. In 
terms of sustainability and the health of the planet and humanity, develop- 
ing catalytic systems for the aerobic oxidation of alkanes will remain a 
high-priority goal. 
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Reducing the Environmental 
Impact of Solvents for 
Catalytic Reactions 
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The present state of research on catalysis for 
sustainable chemistry 


Ever since the birth of Green Chemistry, there has been a focus on 
increasing the sustainability of chemistry by reducing waste. Catalysis has 
since made impressive advances in maximizing the selectivity of reac- 
tions and minimizing the waste from stoichiometric reagents [1]. More 
recently, there have been further improvements by the use of photo- and 
electrochemistry to carry out "reagentless reactions" [2]. Nevertheless, 
large volumes of waste in pharmaceutical, speciality and fine chemicals 
manufacture originate in the solvents used in the processes and for the 
purification of the products [3]. Not only can the solvents sometimes be 
toxic compounds, for example, chlorinated organics, but most are also 
hydrocarbon-based and pose flammability and environmental hazards. 
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Even the use of water as a solvent can be problematic as it is costly to 
clean traces of organic substrates from the water before it can be safely 
discharged into the environment. Therefore, there remains a pressing need 
for reducing solvent waste to create more sustainable chemical manufac- 
ture via catalysis. Here, we suggest one possible way forward, linked to 
efforts for mitigating climate change. 


Our recent research contributions to catalysis for 
sustainable chemistry 


We have pioneered the use of supercritical carbon dioxide (scCO,) as a sol- 
vent for chemical reactions and devised methodologies for high-pressure 
continuous catalytic reactions on laboratory and larger scales. CO, becomes 
supercritical above its critical point of 30.9°C and 73.8 bar. scCO, has rela- 
tively low solvent power (similar to that of an alkane) and, in general, the 
solubility of a compound increases with pressure. However, scCO, has sev- 
eral potential advantages as a solvent: (1) CO, is very inexpensive compared 
to most solvents; (ii) solute separation merely requires release of the pres- 
sure and purification of the used CO, is simpler than purification of typical 
organic solvents; (iii) CO, is miscible with gaseous O, and is completely 
non-flammable, offering safety advantages for aerobic oxidation reactions 
[4]; (iv) CO, is also miscible with H, making it highly suitable as a solvent 
for hydrogenation. Therefore, our initial work focused on hydrogenation of 
relatively simple organic compounds with H, using a Pd heterogeneous cata- 
lyst, with the reactions eventually being scaled up to a 1000-ton p.a. com- 
mercial plant [5], which was technically highly successful but was rendered 
uneconomic by steeply rising energy costs for recompressing the CO, (see 
the outlook). However, we demonstrated that scCO, can offer additional 
advantages such as in the hydrogenation of levulinic acid to form 
?-valerolactone where the high-pressure phase behaviour can be manipu- 
lated to separate pure product (Fig. 1) from the co-product H,O with less 
energy than would be required for conventional separation by distillation [6]. 

We have also combined some of the advantages of photochemistry [2] 
and scCO, to demonstrate that scCO, can be used for reactions with 
photo-generated singlet oxygen ('O,). The reactions of 'O, are potentially 
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GVL + H,0 + 
Direct Red 23 
1 bar, 20.2°C. 


CO, 
Catalyst 


XSLA * H;O H0 
93 bar 43.7°C 


Fig. 1. Schematic of the hydrogenation of levulinic acid (LA) over a ruthenium cata- 
lyst to form 5-valerolactone (GVL) in scCO, using H,O as the co-solvent and exploiting 
the pressure-induced phase separation of GVL and H,O to obtain pure GVL at the output 
of the reactor. The photos on the right show this phase separation, with a water-soluble 
dye, Direct Red 23, to highlight the separation of the water more clearly. For more 
details, see [6]. 


attractive because of their high atom economy, but, until now, there has 
been a reluctance to use them on a large scale because of the unstable 
nature of the intermediate products and the need to minimize the flam- 
mability of the solvent. Both of these problems can be addressed by the 
use of scCO, in high-pressure flow photo-reactors, which have the addi- 
tional advantage that 'O, has a long lifetime in scCO, [7]. Although our 
reactors are still relatively small, we have produced a variety of products 
using 'O, in scCO, on scales that are at least an order of magnitude greater 
than have been previously reported [8]. One example, which involves both 
'O, and an unusual dual-function heterogeneous catalyst, is the semi- 
synthesis of the anti-malarial drug artemisinin (Fig. 2) using toluene as a 
co-solvent and eliminating the need for toxic CF,CO,H, which is conven- 
tionally used as the acid catalyst in this reaction [9]. 
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Fixed-bed photo-reactor 


CO, + O, — >y 


[9] 
Artemisinin + [co-solvent] 


Fig. 2. The photo-oxidation of dihydroartemisinic acid, DHAA, by photo-generated 
singlet O, in scCO, with a toluene co-solvent to form Artemisinin with the use of a bi- 
functional catalyst, the photosensitizer tetraphenylporphyrin, immobilized on the acid 
catalyst Amberlyst 15. Adapted from [9]. 


We have also shown how such scCO, flow reactors can easily be 
automated and combined with AI for self-optimizing catalytic reactions 
[10]. 

In addition, we have considered the wider environmental impact of 
making chemicals and have been inspired by the ideas of Chemical 
Leasing [11], which proposes that chemical manufactures should recog- 
nize that most customers buy chemicals for the effect that those chemicals 
produce (e.g., coating a surface and treating an illness). This goes against 
the conventional business model that is based upon the assumption that 
you will earn more from selling more products. The supplier does not sell 
quantities of Chemical Leasing, but the supplier sells the performance i.e., 
the function of the chemical. Thus, by analogy with the electronics indus- 
try [12], we proposed Moore's Law for Chemistry, namely that sustaina- 
ble chemists should strive to reduce the amount of a chemical needed to 
produce a given effect by a factor of two, for example within a 5 year 
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cycle, and this process should be repeated for a number of cycles [13]. We 
build on this concept in the outlook. 


Outlook: Future developments of research on 
catalysis for sustainable chemistry 


CO, is cheap and abundant and scCO, is a solvent with considerable 
potential for catalytic reactions. At the same time, scCO, is beset by the 
problem of high energy costs for the compression of CO,. We believe that 
increasing concerns about climate change offer a real opportunity to 
resolve this problem. The opportunity lies at the core of some philosophi- 
cal aspects of Green Chemistry, namely the need to expand the focus from 
the design of chemical routes and the selection of feedstocks to the wider 
problems of manufacturing, business models, and supply chains [14]. Our 
proposal involves Carbon Capture and Storage (CCS) which is increas- 
ingly recognized as a key technology, at least in the short term, for decar- 
bonizing not only the energy sector but also other industries (e.g., 
cement-making or steam reforming to make so-called “blue” ammonia). 
However, a major barrier to implementation worldwide is that CCS intro- 
duces significant additional costs compared to releasing CO, into the 
atmosphere. Therefore, there is a real need for strategies which add value 
to the captured CO, by transforming it into a revenue-earning asset. Thus, 
one needs to address not only the environmental but also the economic 
pillar of the triple bottom line [15], a difference between sustainable and 
green chemistry. 

The opening of the 1000-ton p.a. commercial plant [5] in 2002 men- 
tioned above coincided with a large rise in energy prices, a problem which 
continues to reoccur and impact chemical and other manufacturing. This 
meant that the energy cost for compressing CO, rendered the plant uneco- 
nomic to operate. Since then, we have worked extensively in CCS and 
realized that the key is to combine CCS and scCO, solvents [16, 17]. That 
would make a huge difference because all of the compression costs will 
be met, as they are already an integral part of CCS. The novelty arises 
from linking significant potential revenue to what is currently a costly 
implementation of the net-zero agenda via CCS. It transforms captured 
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CO, from a worthless waste to a valuable resource without the need to 
modify the CO, itself. This is achieved by exploiting the compression 
energy stored in captured CO, thereby valorizing CO, by a physical pro- 
cess that is already inherent to the CCS technology. It tackles one of the 
key aspects within the circular economy of how to reduce solvent 
waste — one of the unsolved issues to drive sustainability noting the 
amount of CO, needed to be used for chemical industry is incredibly small 
compared to the vast amount that needs to be captured. Of course, the 
captured CO, is likely to contain impurities, but we have demonstrated 
[17] that the predicted levels of impurities for CCS would be acceptable 
for the type of hydrogenation reaction that we have previously carried out 
on an industrial scale [5]. Most CCS systems are still at the development 
stage, so now is the right moment to take a system's view and combine 
CCS plants with sustainable chemical production by catalysis in scCO,. 

Moore's Law for Chemistry (see above) [13] focuses on the effect of 
chemicals and, in many ways, catalysts are the “ultimate” effect of chemi- 
cals. They facilitate transformations that chemists would otherwise strug- 
gle to carry out efficiently. Therefore, we propose that, if catalysis is really 
to help ensure our future supply of chemicals in a sustainable way, we 
need to adopt and implement Moore's Law for Chemistry. This will need 
both existing and new catalysts together with future developments to 
reduce not only the amount of catalysts required but also the quantity of 
chemicals needed to make those catalysts. That is, we need to reduce over 
a 5-year cycle by 50% the chemical footprint of a process including the 
catalysts that we use in the future. This means not only reducing the 
amount of catalyst needed to promote a given transformation but also 
halving the amount of chemicals required to make those catalysts. And we 
need to repeat that 50% reduction over several cycles so that catalysis as 
well as the whole process can sustainably fulfil the chemical needs of 
future generations. 

We have presented two innovative ideas, namely (i) harnessing CCS 
to provide a source of CO, solvents which can be fed back into the CCS 
process after use for easy recycling and (ii) applying Moore's Law for 
Chemistry to catalysts and catalytic processes. Individually, each of these 
ideas could substantially increase the sustainability of chemical manufac- 
ture in the future. Linking them together could be transformative, but 
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there is still a need to apply to scCO, some of the innovations in reactors 
and processes that we, and others, have already made for continuous 
chemistry [2] so as to create scalable supercritical photochemical pro- 
cesses. Chemical and other manufacture is now in the throes of a 4th 
industrial revolution driven by digitization [18], which makes the applica- 
tion of Moore's law to catalytic processes a realistically achievable goal 
for sustainable chemistry exploiting the ever-increasing application of AI 
to manufacturing. 
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Electrification and Decarbonization 
of Chemical Synthesis 


Karthish Manthiram 
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Synthetic paradigms, such as total synthesis, biosynthesis, and semi-syn- 
thesis, have driven significant progress towards synthetic routes with 
fewer steps. My group is developing a synthetic paradigm in which 
organic molecules are synthesized and functionalized with CO,, N,, and 
H,O, using renewable electricity at ambient conditions (Fig. 1). In some 
cases, the carbon, hydrogen, nitrogen, and oxygen atoms derived from just 
these three precursors (CO,, N,, and H,O) can be converted into useful 
products; in other cases, these three precursors can be used to sustainably 
functionalize petroleum-based and bio-based feedstocks. This paradigm 
makes use of increasingly available and cheap sources of renewable elec- 
tricity, providing energy for sustainably driving synthetic steps at mild 
conditions; this electrification of chemical synthesis, along with the use of 
CO, as a precursor, provides a pathway towards decarbonizing chemical 
synthesis [1]. Given that the energy and feedstocks required are ubiqui- 
tous, the processes are conducive to distributed production of chemicals, 
close to where they are needed. 
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The Manthiram Lab is developing a paradigm for the synthesis and functionalization 
of organic molecules using CO», N», H:O, and renewable electrons 
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incorporate bio-based and 
petroleum-based precursors 


Fig. 1. My group is developing a paradigm for the synthesis and functionalization of 
organic molecules using CO,, N,, H,O, and renewable electrons. 


Ammonia synthesis at ambient conditions 


The Haber-Bosch process, which involves reacting nitrogen and hydro- 
gen gas at 150—250 bar and 400—500?C, has served as the dominant 
method of fixing atmospheric nitrogen to produce ammonia for over a 
century; ammonia serves as the gateway molecule through which nitrogen 
functionality is ultimately introduced into diverse molecules. The use of 
high temperature and pressure limits the modularity of the Haber-Bosch 
process, requiring centralized ammonia synthesis at large scales, which 
does not match the distributed availability of renewable electricity, such as 
solar and wind. Electrochemical polarization can allow for overcoming 
both the use of temperature for improving kinetics and pressure for shift- 
ing the equilibrium [1], as well as replacing methane as the hydrogen 
source with water. My lab has advanced the use of a one-pot lithium- 
mediated process for ammonia synthesis which operates at ambient condi- 
tions (Figs. 2(a) and 2(b)) [2]. Lithium is attractive due to its intrinsic 
chemical reactivity with nitrogen, which leads to the breaking of the 
nitrogen-nitrogen triple bond through the formation of lithium nitride. 
The lithium nitride can react with protons to generate ammonia and lith- 
ium ions; the catalytic cycle is closed by electrochemically reducing lith- 
ium ions to produce lithium metal. Through mechanistic studies, we have 
put forth a coupled kinetic-transport model that quantitatively predicts 
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Fig. 2. (a) Lithium-mediated reaction network for conversion of N, to NH, under ambi- 
ent conditions, involving a proton donor (HA), which is typically ethanol. (b) Schematic 
of surface processes which occur continuously on the surface of the cathode. (c) Metal 
mesh-based cell architecture developed in my lab which enhances transport of sparingly 
soluble gases in non-aqueous solvents. 


reactivity, enabling the identification of more selective reaction conditions 
[2]. This model led to the first recognition of transport limitations in 
lithium-mediated nitrogen fixation, due to the poor solubility of nitrogen 
in the electrolyte. Typically, such transport limitations would be overcome 
through the use of a gas diffusion electrode; however, a long-standing 
challenge in electrochemical architectures has been that commonly used 
gas diffusion electrodes based on carbon fibres are easily flooded by non- 
aqueous solvents due to favourable surface interactions. My lab has devel- 
oped non-aqueous gas diffusion electrodes based on metal meshes 
(Fig. 2(c)), which have less favourable surface interactions with the non- 
aqueous electrolyte, avoiding flooding and leading to effective contacting 
of the gas and liquid reactants. This method may be broadly applicable for 
non-aqueous electrosynthesis involving sparingly soluble reagents [3]. 
Our approach has led to record Faradaic efficiencies of up to 45% for one- 
pot ammonia synthesis at higher rates than those previously achieved at 
ambient conditions in the literature [3]. Cryogenic electron microscopy, 
typically used in structural biology, has been applied to image the reactive 
interface between lithium metal and the electrolyte, providing an unprec- 
edented atomic-scale view of how electrolyte composition controls the 
transport of critical reagents through the solid-electrolyte interface. We 
are developing methods by which the ammonia made through our electro- 
chemical route can then be electrochemically activated [4] for use in 
downstream synthesis. 
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Electrochemical carboxylation for carbon chain 
extension 


Broader efforts in the field on the electrochemical utilization of carbon 
dioxide have been focused on the reduction of carbon dioxide to relatively 
simple products, such as carbon monoxide, ethylene, or formic acid. It is 
important to establish a broader toolkit through which carbon dioxide can 
be used to synthesize and functionalize more complex organic molecules. 
To this end, my group has been advancing electrochemical routes for 
carboxylation. 

We have developed an electrochemical route for the carboxylation of 
benzylic C-N bonds using carbon dioxide [5], which can be used to sus- 
tainably produce surfactants and pharmaceuticals, such as ibuprofen. This 
procedure does not require stoichiometric metals, external reducing 
agents, or sacrificial anodes, which are needed in conventional methods, 
making column chromatography unnecessary for product purification. 

We have extended this methodology to aliphatic halides, dramatically 
expanding the substrate scope [6]. Importantly, the addition of inorganic 
salts such as magnesium chloride to the electrolyte allows for the stabili- 
zation of the carboxylate product over other competing side products, in 
part by suppressing the nucleophilicity of the carboxylate product. In 
ongoing work, we have established design principles for solvents involved 
in carboxylation chemistry, moving beyond the typical screening-based 
selection of solvents in organic electrosynthesis. 


Electrochemical oxygen atom transfer from water 


Epoxidation reactions are a subset of oxygen atom transfer reactions in 
which an olefin is partially oxidized. An epoxidation agent, such as meta- 
chloroperbenzoic acid or tert-butylhydroperoxide, reacts with the olefin to 
generate an epoxide and a stoichiometric side product, in this case, the 
corresponding benzoic acid and alcohol, respectively. These epoxidation 
agents are highly hazardous, and the resulting side products must be sepa- 
rated and dealt with. Other epoxidation methods, such as the direct oxida- 
tion of olefins with oxygen, can only be used with a small number of 
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olefins, such as ethylene, and lead to large CO, footprints arising from 
over-oxidation; in fact, the production of epoxides is one of the top five 
contributors to CO, emissions from chemical manufacturing worldwide. 

My group has developed a reaction in which water is a sustainable 
O-atom source for olefin epoxidation at ambient conditions; this reaction 
generates no stoichiometric waste products, involves no hazardous rea- 
gents, and operates at ambient conditions [7]. My lab elucidated the 
mechanism through which a hypothesized metal-oxo species generated 
from the activation of water at a manganese oxide nanoparticle electro- 
catalyst drives epoxidation. While supporting high rates of epoxidation, 
our process simultaneously generates hydrogen at the cathode. In a typical 
water electrolyzer, the oxygen generated at the anode is simply vented; 
our approach provides a new paradigm through which the oxygen can 
instead be used for high-volume oxidative functionalization reactions. We 
have recently developed next-generation catalysts for this reaction, 
involving single atoms of iridium deposited on manganese oxide, which 
are more selective for electrochemical olefin epoxidation, as the iridium 
promotes the generation of electrophilic oxygens on the surface [8]. 

In addition to electrocatalytically generating electrophilic oxygen 
atoms from water for use in epoxidation, my group has pursued the gen- 
eration of nucleophilic oxygens from water for use in reactions, such as 
lactonization [9]. Specifically, we have found that platinum can activate 
water for the conversion of cyclic ketones into branched lactones, provid- 
ing unique selectivity patterns compared to the conventional Baeyer- 
Villiger reaction. In ongoing work, we are establishing how water’s 
thermodynamic non-ideality in a blended electrolyte controls rates of 
oxygen atom transfer. 


Outlook to future developments of research on 
Catalysis for Sustainable Chemistry 
The research efforts described above lay a foundation for the effective 


utilization of CO,, N,, and H,O in chemical synthesis. There are many 
opportunities for continuing to build on this foundation. For instance, 
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ongoing efforts in my lab are focused on harnessing: (1) CO produced 
from CO, reduction for electrochemical hydroformylation of olefins, 
(2) NH, produced from N, reduction for electrochemical reductive amina- 
tion, and (3) water as an oxygen atom source for C-H activation. These 
reactions and others will continue to expand the realm of chemical syn- 
thesis and functionalization which can be conducted with ubiquitous 
precursors. These new reactions need to be integrated into multi-step 
syntheses through which one can make more complex monomers or 
building blocks. For instance, one could also envision routes through 
which amino acids could be generated abiotically from just carbon diox- 
ide, nitrogen, and water, using the foundational methods developed in my 
group. 

As the complexity of the target molecules increases, it will be impor- 
tant to implement enzyme-inspired design principles which allow for the 
recognition of molecules at an electrode surface in order to direct selective 
oxidations and reductions at particular sites. This will be especially 
important for molecules that present sites with similar reactivity or for 
electrode reactions that otherwise have poor functional group tolerance. 
The field will also need to develop methods of discriminating molecules 
on the basis of their transport to an electrode surface as a means of impart- 
ing selectivity in reactions involving multi-component mixtures. Substrates 
can be discriminated in their transport based on size or charge; in a way, 
this will be a means of integrating separations with electrode reactions. 
Altogether, these approaches will provide greater fidelity over synthetic 
steps driven directly at electrode surfaces. 
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An emerging area of study in catalysis and 
sustainable chemistry 


The great majority of organic transformations are thermal processes 
which occur on a single potential energy surface. Due to microscopic 
reversibility, thermal processes are limited to transforming higher-energy 
starting materials into lower-energy products. A significant goal for the 
field of synthetic organic chemistry in the years to come is to devise strate- 
gies that decouple reaction direction from reaction thermochemistry and 
to employ these strategies to develop reactions and processes that proceed 
against a thermodynamic bias and thus cannot be achieved using any con- 
ventional methods. 

Towards this goal, significant advances have been made through the 
use of photoredox catalysis. One of the most interesting and enabling 
aspects of photoredox chemistry is the ability of these methods to drive 
organic reactions "uphill" in opposition to a thermodynamic bias. 
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Drawing parallels to solar fuels chemistry, photoexcitation events pro- 
vide an exogenous driving force that offsets the otherwise unfavourable 
energetics of the bond-forming and bond-breaking steps, allowing access 
to products that are formally higher in energy than the starting materials. 
However, for synthetic applications, these reaction manifolds also 
exhibit unique kinetic benefits. Specifically, as all the reaction pathways 
proceeding from the initial excited state are thermodynamically favour- 
able, the partitioning between potential pathways is kinetically con- 
trolled and fully decoupled from the ground-state thermochemistry of the 
resulting products — even for systems that are dynamic. These attributes 
create an exciting prospect for catalysis where chemists can, in principle, 
use molecular catalysts to kinetically select any accessible product state 
in a dynamic system irrespective of the system's ground-state thermo- 
chemical preferences. The applications of these ideas in synthesis have 
begun to be explored and developed in recent years. Important contribu- 
tions have been made by a number of groups, including Thorsten Bach, 
Alison Wendlandt, David MacMillan, Aiwen Lei, and Ryan Gilmour 
[1—5]. In the following sections, I will highlight some of my lab's con- 
tributions to this area and thoughts on where these advances may lead in 
the future. 


My recent research contributions 


In recent years, our lab has reported a number of methods that make use 
of excited-state redox events to drive reactions away from equilibrium 
(Fig. 1). Our first report in this area was on the development of intermo- 
lecular hydroamination of unactivated olefins with secondary alkyl amines 
[6]. Under visible light irradiation, an excited state chromophore oxidizes 
an amine substrate to its corresponding aminium radical cation, which 
then readily reacts with alkene reaction partners. This protocol constructs 
valuable tertiary alkyl amine products with complete anti-Markovnikov 
regioselectivity. Notably, many of these hydroamination products are less 
thermodynamically favoured than their corresponding olefin and amine 
starting materials, which makes them inaccessible through conventional 
ground-state catalysis. Recently, we have extended this protocol to the 
selective synthesis of secondary amines via direct intermolecular 
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Contrathermodynamic Transformations via Excited-State Electron Transfer 


Excited-state charge transfer provides a Intermolecular hydroamination w/ alkyl amines (Science 2017 & JACS 2019) 
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Fig. 1. Examples of light-driven contrathermodynamic transformations in synthesis ena- 
bled by excited-state electron transfer. 


hydroamination of primary alkyl amines and simple olefins with minimal 
generation of over-alkylated tertiary amine products [7]. 

We have also described a catalytic protocol for C-C bond cleavage 
with simple aliphatic alcohols that mediate redox-neutral isomerizations 
of cyclic aliphatic alcohols to linear carbonyl compounds [8]. In these 
reactions, the alcohol O-H bonds are homolytically activated via 
excited-state proton-coupled electron transfer. The resulting alkoxy radi- 
cal intermediates undergo intramolecular C-C f-scission to provide 
fragmented carbonyl products, which are generally higher in energy than 
their corresponding alcohol-starting materials. We have further advanced 
this chemistry for the development of photocatalytic methods for the 
depolymerization of native lignin and high molecular weight hydroxy- 
lated polyolefins [9, 10]. 

We have also applied the ideas above for the contra-thermodynamic 
positional isomerization of internal olefins into terminal olefins [11]. 
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In this work, stepwise oxidation and deprotonation of a more substituted 
and more thermodynamically stable olefin substrate is mediated by an 
excited-state oxidant and a Brgnsted base to afford an allylic radical. This 
radical is captured by a Cr(II) co-catalyst to furnish an allylchromium(III) 
intermediate that undergoes in situ protodemetalation with methanol, 
affording an isomerized and less thermodynamically stable alkene product 
with high regioselectivity. The higher oxidation potential of the less sub- 
stituted olefin isomer renders it inert to further reaction with the excited- 
state oxidant, enabling it to accumulate in solution over the course of the 
reaction. A similar light-driven method that proceeds by a distinct mecha- 
nism was also reported by Wendlandt and co-workers [12]. 

Lastly, we have applied these ideas in out-of-equilibrium catalysis 
to asymmetric synthesis. In particular, we have developed, in collabora- 
tion with Professor Scott Miller, a light-driven deracemization reaction 
wherein a racemic urea substrate undergoes spontaneous optical enrich- 
ment (up to 94% ee and 95% yield) simply upon visible light irradiation 
in the presence of three distinct molecular catalysts [13]. Excellent 
enantioselectivity is achieved for the homolysis and reformation of a 
stereogenic C-H bond through orchestrated movements of an excited- 
state electron, proton, and hydrogen atom. Remarkably, this system 
establishes a stable, non-equilibrium distribution of urea enantiomers 
without any use of stoichiometric chemical reagents. It is notable that a 
number of other light-driven deracemization technologies have been 
reported in recent years, including seminal contributions from the group 
of Bach [1]. 


Outlook 


These approaches will create new possibilities and efficiencies in synthe- 
sis. The results above show that a variety of canonical, redox-neutral reac- 
tion types (additions, eliminations, isomerizations, etc.) can be driven 
away from their equilibrium positions using excited-state electron trans- 
fer-based mechanisms. This framework can potentially be extended to a 
large number of reaction classes, providing a platform to drive known 
transformations in reverse, introduce dynamic behaviour into otherwise 
static systems, and access reaction products that cannot be achieved using 
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conventional thermal methods. Moreover, the use of visible-light excita- 
tion obviates the need to use stoichiometric chemical reagents to provide 
a reaction's driving force, thus limiting the production of waste and 
increasing the sustainability of the developed technologies. 

A particularly exciting direction for this area extends the ideas pre- 
sented in the deracemization work discussed above. Specifically, as these 
technologies advance, one could imagine a new paradigm where stereo- 
complex target molecules could be made as stereo-random mixtures and 
then edited post-synthetically to adjust all the stereochemical relation- 
ships [2, 3, 13] Moreover, this could be achieved with catalyst-controlled 
selectivities that are not subject to thermodynamic constraints. While 
such an idea would have seemed distant or perhaps impossible several 
years ago, it is increasingly clear that such strategies are tractable. If suc- 
cessful, this approach points to a fundamentally distinct way of thinking 
about stereoselective synthesis with potential impacts at the level of ret- 
rosynthetic analysis. Taken together, the prospects for this area appear 
bright and it will be exciting to see what progress can be made in the 
years to come. 
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Present status and objectives 


The main objective in catalysis is to reach the ab initio design of the cata- 
lyst starting from the reaction mechanism and introducing the single or 
multiple active sites accordingly. This already occurs in the case of 
enzymes and in many cases of homogeneous transition metal complexes 
and organocatalysts where the electronic properties of the single sites 
could be adapted by properly selecting the ligands and functional groups. 
However, the presence of single isolated sites is not always enough to 
achieve very high selectivities, and we have learned from enzymes that 
reactant selection, directed adsorption and transition-state stabilization by 
means of weak interactions, can be determinant for the catalytic process. 
While all this can be better rationalized in the case of molecular 
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homogeneous catalysts, it becomes more difficult to be achieved in the 
case of solid catalysts. 

Itis then a challenge and a clear objective for the ab initio preparation 
of solid catalysts, to go beyond catalysts' design by accumulated knowl- 
edge, trial and error, and judicious interpretation of results. It will be then 
mandatory to develop general fundamental surface reactivity models at 
the molecular level. This necessarily implies the symbiosis of physical 
chemistry, material science, organic and inorganic chemistry, together 
with the development of surface characterization techniques able to follow 
the surface chemical process under operation conditions, in order to estab- 
lish structure—reactivity relationships. 


Recent contributions 


For the design of well-defined single isolated sites, we and others [1-5] 
have generated them on framework (and extraframework) positions of 
high surface micro- and mesoporous crystalline materials. The advan- 
tages of these materials not only rely on the possibility to stabilize, in 
specific structural positions, the single (or multiple) sites but also to 
make available pores and cavities of the size of the molecules that can 
select the reactants, while introducing confinement effects within the 
pores and cavities, i.e., the presence of weak (dispersion) forces that can 
be determinant for catalyst selectivity. To this respect, we recently show 
that by using adapted mimics of the reactions transition states as organic 
structure directing agents, it is possible to crystallize microporous struc- 
tures with well-defined single isolated active sites, while the templated 
cavities stabilize the reaction transition state during the preselected reac- 
tion [6]. 

Single metal atoms and small clusters (Pt, Pd, Au, and Ni) within 
solutions have shown to be catalytically active for a number of reactions. 
However, they agglomerate with time on stream and become catalytically 
inactive. Then, the stabilization of these single atoms on different supports 
was achieved and Au, Pt, Co, and others were atomically isolated on the 
surface of CeO,, functionalized carbon and iron oxide [8-10]. Those 
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single atoms show much higher activity, for some reactions, than sup- 
ported metal nanoparticles. In other cases, subnanometric metal clusters 
[10, 11] show enhanced activity and selectivity. The stabilization, geo- 
metric, and electronic properties of single atoms as well as subnanometric 
monometallic and bimetallic nanoclusters could, in principle, be tailored 
through well-defined bonding with the support. Since stability requires 
either encapsulation and/or strong ionic or covalent interactions with the 
support, this can introduce charge transfer between the support and the 
isolated metal atoms or clusters, and the final electronic properties will 
determine their adsorption and catalytic properties. 

The potential of single-atom and nanocluster catalysts is being 
explored in thermo-, photo-, and electrochemical catalytic processes 
with the possible objective of substituting noble with non-noble metal 
atoms [12]. 

An additional scientific objective is to define and synthesize low- 
nuclearity clusters with well-defined and homogeneous number of atoms 
in monometallic and bimetallic entities. This has been recently achieved 
within the structure of microporous materials, in where low-nuclearity 
sites formed by two, three, four, and six Pd, Pt, and Pt-Sn atoms have been 
obtained and the catalytic benefits are shown [13-15]. 

The developments on single atom centres (SACs) and low nuclearity 
clusters, especially bimetallic clusters, have required and have impulsed 
developments in analytical characterization techniques, such as transmis- 
sion electron microscopy, SAXS, as well as theoretical calculation 
techniques. 


Future developments 


In Fig. 1, the progress in single-atom catalysis is presented as taken 
from [15]. 

Future developments in the ab initio synthesis of solid catalysts for 
specific reactions will require new and improved synthesis methods to 
achieve higher loadings of single atom centres and control of nuclearity of 
the centres. Efforts should also be directed to measure and quantify the 
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Co & Fe SACs CO-IR Operando SACs replace Dual-atom SAAs with free Scale up of 
proposed for applied to XAFS applied homogeneous catalysts atom like d SACs 
the ORR SACs to SACs catalysts introduced states demonstrated 


Pt& Au SACs PtSACs First Operando TEM First use of Tuning 2nd Dynamic Speciation 
proposed for reported for application of applied to SACs in coordination charge states control permits 
the WGSR CO oxidation SAAs SACs photocatalysis sphere described new applications 
Fig. 1. 


surface-accessible SACs and their behaviour and evolution during reac- 
tion conditions. When SACS are located in crystalline microporous struc- 
tures, it will be of much interest to select, by synthesis, the T atom in the 
framework position to be located. Their activity and selectivity can be 
different because of the bonding constraints and the dimensions and topol- 
ogy of the channel or cavity to which they will be exposed. 

In the case of clusters of low nuclearity, it is required to develop syn- 
thesis techniques to form the bimetallic particles stable and homogene- 
ously distributed with the adequate metal ratio. Moreover, characterization 
techniques to follow the evolution of the bimetallic particles during the 
reaction will have to be improved. 

It should also be discussed the generality or not of the preparation and 
application of high-entropy alloy particles for catalysis, i.e., synthesis 
control, reproducibility, characterization, and evolution during the reac- 
tion. Note that in a knowledge-based system, it should be possible to 
predesign "in silicon" the single-atom and mono- and bi-metallic catalysts 
with the desired structural and electronic properties. 

Finally, we have still much work to do for synthesizing chiral solid 
catalysts able to carry out enantioselective synthesis. 
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David MacMillan: 

Thank you everyone for your participation this morning. I was asked by 
Kurt Wüthrich to make a quick note of something which I think is impor- 
tant. Originally, this first session was supposed to be chaired by Bob 
Grubbs, who unfortunately passed away in December of 2021. He was a 
person who attended this meeting many times. He was a wonderful guy, 


and he was the person who actually came up with this concept of sustain- 
able catalysis. That was the reason we led off with it and I just wanted to 
remind everyone of that and what a really wonderful and fantastic guy 
Bob was. So now I think we'll get started on the discussion. Maybe we 
could lead off with some questions to put to the panel and also to the 
group. The first one I wanted to start off with, when we're talking about 
sustainable catalysis, is about performing chemical processes on scale. 
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For societal impact, scale is often very important but there is also a very 
large community of people who perform these catalytic processes in aca- 
demia that are not on scale. They might never need to be on scale. I guess 
the first question I would have is: should we care about sustainable cataly- 
sis only for scale or is this something we should care about across the 
board? I'll open with that question. 


Karthish Manthiram: 

When selecting targets, our group at least is very motivated by knowing 
the carbon footprint behind those targets. That can be clarifying in terms 
of knowing what we want to pursue in terms of decarbonisation. That 
being said, these targets that are commodities are going to be exception- 
ally difficult to commercialize, because you're going up against products 
that have virtually no margins in their sales. These are really low margins, 
highly competitive markets. For that reason, I think that developing these 
more sustainable chemistries is enormously important in the context of 
chemicals that have margins. Often, this is done in the pharmaceutical 
industry first, and then we need finding ways to work towards the com- 
modities. It's been really exciting to see how many steps have been electri- 
fied in the last few years in the pharmaceutical industry. I think it's really 
encouraging to see that we're on a pathway now where this knowledge of 
reactor design, of scalability for pharmaceuticals, and proving out these 
new concepts, exists, even when the initial cost could be greater. That will 
then create a pathway towards ultimately implementing these new tech- 
nologies for chemicals that are made at scale. In some ways, there's actu- 
ally a blueprint for doing this already. If we look at other electrified 
technologies, whether they are solar panels or batteries, there's a history 
of starting with small scale niche implementations. If you look at solar 
panels, first and earliest implementations are for space technology. 
It wasn't really having a clear impact here on Earth, but one can see that, 
over a period of many decades, the technology worked its way down in 
price to go from something that was a niche application in space to be 
something that could have impact here on Earth for decarbonisation. The 
same is true for batteries: earliest developments happened in the 1970s at 
Exxon. At the time, they couldn't really see the path to commercializing 
that as an energy technology so, instead, it went to camcorders first, with 


Discussion Session 1 45 


Sony commercializing this in 1991. It has taken another 30 years for it to 
get to the tipping point where we can see the impact that it will have to 
use lithium-ion batteries in electric vehicles and perhaps even for grid 
scale storage. So there is this sort of roadmap that we see with other elec- 
trified technologies. First, a niche with smaller scale application, whether 
it's solar cells or batteries. I think the same will be true for electric syn- 
thesis, starting at small scale for niche chemicals, and then working our 
way up towards things that are commodities that will have the decarboni- 
sation impact that we want to see. 


Martyn Poliakoff: 

I'd like to address your question about small scale catalysis. I think it's 
really important to try and make small scale catalysis more sustainable 
because academic chemistry is carried out very unsustainably in fume 
hoods that pump large amounts of heat out of labs, making chemistry 
buildings by far the most expensive buildings to run on any campus. It also 
uses huge amounts of solvent compared to an industrial process which has 
been optimized to use less solvent. Although the total global impact of this 
is probably not huge, the potential impact on our profession as chemists 
1s enormous. In times of financial stress, which is around the whole world 
at the moment, if chemistry departments are seen to be very expensive to 
run, there is a huge incentive on universities to reduce the size of their 
chemistry departments, perhaps completely close them to save on running 
costs. So I think it's really important that chemists learn to work sustain- 
ably from the outset. That also trains our students to think sustainably 
rather than this being something that they might think about if they even- 
tually go and work in industry. 


Ben Feringa: 
Coming back to your question about scalability, I got this question 


several times. I mentioned this example of photo-oxidation (singlet 
oxygen photocatalysts) and people from industry said to us: can you 
make this an industrial process? Because the petrochemical industry gets 
worried and they say “we are not accustomed to use light so can you ever 
do it on scale?" This is one of the reasons why we teamed up with the 
engineering schools and the students together built this photoreactor that 
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I showed — and Martyn (Poliakoff) has such reactors in his own lab — 
in order to show them that, using LEDs that you can buy for a penny in 
the supermarket, you can use electricity and light and you can do this in 
flow and make a kilogram a day. You don't have to build a factory or 
scale it up to ton quantities. I don't see it as our duty, but to show them 
that indeed, you can build a photoreactor. It reminded me the reason why 
we did this. When I worked after my PhD at Shell, they were working in 
a parallel department on the conversion of methane to diesel. Why did 
they do that? Because in the world, how much methane is burned/flared 
off? So, they developed, in the fume hood, a reactor of the size we have 
now with photochemistry and at the end they could show that the diesel 
came out. The gas went in and the diesel came out and they produced one 
liter a day. It took 25 years. Now in Qatar, they produce 260.000 barrels 
of gas-to-liquids a day. They produce the cleanest diesel in the world. 
It might take a while but, in my opinion, I think, our duty is not to do all 
this stepwise and large-scale innovation, that is the task for industry. We 
don't even have the money and the facilities, but we need to show them 
and to demonstrate that in the future, it will be profitable. It might take 
a few decades before the mindset has changed. This was my experience, 
also in industry when I still was a child. 


Karen Goldberg: 

One aspect of sustainability is this issue of precious metals versus non- 
precious metals. First of all, it’s important to know that a lot of chemistry 
is more challenging with more Earth-abundant metals and that you can 
form stronger bonds with some of the precious metals. It's important to be 
able to demonstrate chemistry on precious metal systems, and then later, 
it can be transferred to non-precious metals. It's also important to think 
about where that process is going so that when you use an Earth-abundant 
or a precious metal, what happens when you send it out into the world. For 
example, in a catalytic converter, you take a precious metal that's going 
out into the world and you're not getting that metal back. That's a prob- 
lem. But if you had a chemical process that's running with a precious 
metal that is staying within the system and that is able to carry out many 
turnovers, it has not to muck up the system or decompose. You don't have 
to turn the reactor off to run the process, clean it all out and go again. 
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So, there are different purposes for different metals, and we need to think 
about that in the design of different systems. 


Daniel Nocera: 

There's some fundamental core principles that are at the laboratory scale 
and large scale and, especially for sustainability, it’s your energy input. 
That's really critical when we finally get to scale and start looking at cost. 
Even if you're doing small scale things, it's good to have in mind what 
your real energy input is for the entire reaction. That means really trying 
to control high photo-efficiencies or faradaic efficiencies, which I might 
be doing at little lab scale. If I have a large energy input, that's going to 
be deadly to large scale. So that's just one. Rob (Knowles), you might 
want to talk about a life cycle analysis, like we were saying, when you 
start putting the entire energy input in. I think our field kind of ignores 
that. Right now, we look at reactant to product and, in between, there are 
massive inefficiencies that are going to be hard to scale. But maybe Rob, 
you could mention what we were talking about for a life cycle analysis, 
for instance. 


Robert Knowles: 

One of the real challenges in all of the photoredox types of chemistries are 
the low quantum efficiencies. Oftentimes, these have quantum efficiencies 
less than 1%. You can excite molecules and they can engage in very effi- 
cient charge transfer reactions but then those charged separated states just 
recombine. This is also a problem in solar cells and other types of photo- 
driven applications. It turns out in a lot of the photoredox chemistry, Dan 
(Nocera) has studied this in his lab, that 80 to 9096 of the charge separated 
states just recombine which is an enormous loss of quantum efficiency. 
That's absolutely a challenge that has to be overcome for these things to 
be scaled, but it's also a fundamental science problem to be worked on and 
figured out. New catalysts and systems could be designed to overcome 
those limitations. I think as these fields, that previously haven't had a lot 
of interactions, come together, these problems start to become elucidated. 
I'm optimistic at least I think that there's prospects for being able to solve 
these problems as we all move forward together. And we learn from folks 
from the solar fuels communities for how to think about and quantify 
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these issues in terms of energy and try to make our processes more 
sustainable and efficient. 


Karen Goldberg: 

I just want to also add along these lines that we're trying to do transforma- 
tions that haven't been done before and done selectively. If you think back 
at the Haber-Bosch process, it was brought up many times today. When 
that process was first developed, that took a really long time just to come 
up with the catalyst and then to come up with it on scale. The contribution 
of the chemical engineer in that whole process was enormous, as we 
couldn't run reactions under those pressures before. I think it's a complete 
process and we don't want to tie our hands by saying that we can only 
think about sustainable processes as we're working towards developing 
something that, if it can be done on scale, could be sustainable. 


Karthish Manthiram: 

It's quite likely that we're going to increase the energy footprint of the 
chemical industry by making it more sustainable. That's something which 
Ithink can sound counterintuitive at first, right? It may seem as this should 
be harmful to the planet but because we're starting with precursors that 
are at the very bottom of the free energy landscape, it's going to require 
more energy to be able to go from CO,, nitrogen, water and other more 
sustainable inputs to the chemicals that we desire. That's going to be a big 
change but we should still aspire to minimize that increase in energy 
footprint as much as we can in the way that Dan (Nocera) articulated just 
a moment ago. 


Sossina Haile: 

One comment about this idea of scalability is that we recognized that, in 
many cases, we need to make the fundamental breakthroughs that could 
allow large scale processes. If we understand that well enough, that will 
allow that pathway. The other piece is to think about processes which 
benefit simply from being small. That would be certainly electrochemical 
systems and also some of these interesting flow dynamic systems 
where the economy of scale comes from manufacturing many of these. 
You have the opportunity to replace small parts and not have large legacy 
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infrastructure, which now cannot be improved. That's just a different way 
of thinking about scalability. 


Chad Mirkin: 

I think you cannot look at this in a box. I think Karthish's (Manthiram) 
analysis is spot on. I came out of a group that talked about artificial pho- 
tosynthesis in the late 80s and we're still talking about it in the same way 
we talked about in the 80s, in most senses. You have to map where we 
need to go to really understand how to get there and what the most effec- 
tive way is. This idea of picking who you're going to go after is really 
critical in this moving into pharma. Electrification, that's something that 
could impact them in a significant way. The bar is a lot lower, they're used 
to making bets. To me, that's really strategic. But I wanted to ask a ques- 
tion: you lead with the Haber process? It seems so completely counter to 
your argument, I think we often do that. And I think it's a mistake. 
Because at the end of the day, the chemical industry is an old, I shouldn't 
say this being at Solvay, somewhat stodgy industry fixed in their ways. 
Very conservative in terms of approach. That means the bar is really high 
to make them do things differently. And so you have to validate in areas 
where people will take a lot more risk and then move to those other areas. 
I think that's ultimately the path and something we shouldn't lose sight of. 


Karthish Manthiram: 

I think the point you bring up Chad (Mirkin) is essential. In many ways, 
some of the research that we're working on is kind of protected by basic 
science funding. We're able to look at the 2030s time horizons, but the 
startups that were spinning out are the ones that looked specifically at 
targets that are viable today. So there is this sort of tension in a way 
between those two, and we hope in some ways to let the academic 
research continue to look at long term targets, while still spinning out ones 
that are more easily implementable today. 


Chad Mirkin: 

Just one more comment because you brought up the idea that we're going 
to be more energy intensive, which is true. But a lot of that is going to be 
clean energy, if we do it right. The other thing is that when you go the 
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electrolysis route, the idea of a plant becomes mobile. The old view of the 
plant is that we build something on seven square miles. Some of these 
plants are incredible, you go to BASF or Dow in Texas, they're really 
impressive engineering feats. They're not mobile entities. That's what a 
lot of this does, it allows you to take chemical production to a site closer 
to where energy resources are, to basically delocalize it. 


Karthish Manthiram: 

One thing to add is that even though those electrons might be clean, which 
is essential, the cost of those electrons, especially when storage is 
accounted for, can be pretty steep. So there's a techno-economic reason, 
even if the energy is clean, to still try to minimize the energy input as 
much as one reasonably can. On the point of modularity, I think that what 
Sossina (Haile) brought up as well, is going to be hugely impactful. One 
kind of interesting trend to see is, if you look at wind turbines today, even 
though these began as relatively small implementations, it is astonishing 
how large wind turbines are getting. If you look at the blades of the most 
recent wind turbines that are implemented by GE, these blades are the 
length of three football fields. This technology, that was really tolerated as 
being small and modular, is still modular. They're making a lot of these 
and putting them out, but they're huge, even an implementation of an 
individual unit, and they are getting bigger and bigger to get to the small- 
est dollars per kilowatt hour of any power source that we have today. So, 
we have to revise how we believe in modularity, and in small scale pro- 
duction and be open to the fact that even these electrochemical technolo- 
gies might become relatively large relative to what we're doing today. 


Karen Goldberg: 

I wanted to comment on this idea of costing more in energy and if it is 
clean energy. We have to balance that against what we're paying and what 
we're going to continue to pay in terms of the damage of climate change. 
And I think once you do that, this increased cost and energy is going to 
save a lot in terms of the effects on climate change. 


Gerald Joyce: 


I want to come back to the point that Dan (Nocera) got to start it on which 
is this more all-in calculation. It's a question that Ben (Feringa) talked 
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about. If we talk about something like plant waste as an input to make the 
feedstocks to then make plastics (basically polypropylene, polyethylene). 
As chemists, we can imagine what the cost is on the front end for process- 
ing those molecules to get to where we want them to go. But how do we 
even do the calculation of what was the fertilizer cost of managing those 
fields? What were the transport costs of getting the fertilizer to the fields, 
getting the plant waste out of the fields? What is the processing cost? How 
do we learn what those numbers are as chemists? Do we make alliances 
with economists? Do we believe what they say? How do we get to “an 
all-in number" you're talking about? 


James Liao: 

I think when we talk about scales, it depends on the audience. In a global 
sense, the politicians and the societies are looking at immediate impact on 
the carbon footprint and that means large scale. No question about it, we 
have to worry about scale, and the scale is gigaton scale. If you look at 
whatever product we have, if it's not at gigaton scale, we make less than 
0.1% of the carbon footprint. But on the other hand, anything has to start 
small, which we all recognize that. So when you want to develop a large 
scale process, you better start on something small. But as Dan (Nocera) 
said, and many people echoed, you have to worry about the footprint 
along the way in small scale and that requires many detailed analyses of 
efficiency. Even though that's not in our formal training as a chemist, 
chemical engineers have been doing that based on mass balance and 
energy balance. Because in this space, mass and energy are conserved. 
You cannot escape that. Unlike in information science, you can create 
information, but we're dealing with materials, mass is always balanced, 
whatever material you put in, it has a scale. Whatever waste you produce, 
it will also multiply in scale. Once you capture those principles, you can 
do some "back of envelope calculation" to see where you're going. Once 
you have done that, then you're in a position to justify whatever you do in 
small scale. Scaling up in the future may not be at your lab but working 
with someone else and maybe many steps in order to make a real impact. 


Ben Feringa: 
You are absolutely right. In principle, what we should do is calculate the 


whole chain from start to finish. In this particular case, this came out a bit 
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about this challenge to make an acrylate replacement from wood remains, 
it came also a little bit from the challenge and also frustration, because we 
saw in our country that they were taking all kinds of woods and burning 
it in coal plants for energy. And I said “Come on, this cannot be true. 
Nature did its best to make all this beautiful wood, all these materials, we 
should do more than just burning it." And then we went to see if we could 
use this wood remains and make acrylates and make a coating. But of 
course, we'd never calculated the whole circle, all the other aspects. You 
are absolutely right, at the end, you should do that but we were already 
happy that we could show the general public and in particularly the politi- 
cians that you can do something else than simply burning it. Take advan- 
tage of what mother Nature did. I think this is also a duty of us as scientists 
and as chemists to demonstrate that there are alternatives. But of course, 
at the end, you have to make the whole picture. 


Gerald Joyce: 


You had a nice example, because you know that you play a game, because 
you are just looking at the delta. But then to go to scale, you really do have 
to do the calculation, and how do chemists find the right people to get that 
information? We are in our own discipline. I don't think we should depend 
on the politicians to tell us how to make the calculation. We want to talk 
to economists, agronomists, atmospheric scientists. I don't know where it 
all connects. 


Ben Feringa: 
You can tell me who to consult. 


Martyn Poliakoff: 
First of all, chemists need to take a much more systems view of their 


activities. I strongly believe in embedding chemical engineers into chem- 
istry research groups. Our research group at the moment has two chemical 
engineers, because I think chemical engineers not only can answer these 
bigger questions, but they can make very sensible suggestions about how 
we are even doing small scale processes. The other thing, which comes 
back to my proposal of Moore's law, and reflecting on the discussion of 
the Haber process, is that a vast amount of nitrate fertilizer is wasted, 
because it goes on the field but it never gets to the plants because it is 
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washed off or metabolized by bacteria and released as N,O, which is a 
powerful greenhouse gas in its own right. So, we need to think how we're 
going to use these chemicals. Some of you may be aware of the UNIDO 
initiative called "Chemical Leasing" which talks about trying to deliver 
the chemicals to where they're needed, and to make sure they're not 
wasted in a profligate manner. Because if you use only one third of the 
ammonia in the fields, then you immediately cut the environmental impact 
of your manufacturing by a factor of two thirds, because you need to make 
less. All the way around, we are flushing pharmaceuticals into the sewers, 
because we're not absorbing the medicines very efficiently. So we do need 
to think of a much broader systems view. 


Daniel Nocera: 

Dave (MacMillan): just returning to your question, initially. You have an 
example; it was in Martyn's talk (Poliakoff). He didn't use the words PMI. 
But you guys did it — I mean, the pharma organic route. That was a small- 
scale, but you did PMI and that had a lot of impact, guiding even small- 
scale science. I guess one thing I wish the community would do is, in 
addition to PMI, do an EI which is energy intensity. Whenever you talk 
about PMI, you also have EI and that would be at least the first step of 
small scale that is really important when you go to large scale. 


David MacMillan: 

It's interesting that they are correlated though because, in those industries, 
the way you get rid of waste is you actually end up burning it, which ends 
up being the vast majority of the energy cost. So it turns out that if you 
drop PMI, it dramatically impacts the energy costs. 


Daniel Nocera: 

But like we said before, clean energy isn't free. So when you finally go to 
scale, that's going to be an enormous cost. That's why I think you need to 
start putting EI in with PMI. 


Martyn Poliakoff: 

I think that the Carbon Neutral Laboratory that my university has built, 
has energy monitoring for usage. When you do something in the lab, it's 
in principle monitored and can be quantified. The whole building uses 
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about 75% less energy than the conventional chemistry lab. I would just 
like to reply to this idea of wonderful and huge wind turbines. Nobody has 
solved what to do with these huge turbine blades at the end of life. When 
they were smaller, you could construct climbing frames for children in 
playgrounds but there's a limit to the number of playgrounds that need 
wind turbines. So, we are not yet applying a full life cycle idea on how to 
use these wind turbines. Essentially, we have to use less of everything. We 
may make bigger wind turbines, but we have to be conscious what's going 
to happen to them at the end. 


Bert Meijer: 
The success of chemistry is that we can produce many molecules. So 


much that the scale that we do, it goes up every year. If you carefully look 
to the world, there's a big chance that we continue to grow and that 
means we make more waste. So we also have to think about getting the 
scale down, by one way or the other making chemicals more expensive. 
They're just too cheap. As a result, the Western society is using so enor- 
mous number and amounts of chemicals for nothing. I think that's a part 
we have to take into account. I always think that if you ask, for one hour, 
a lawyer to help you, you can buy almost all of the chemicals you use in 
the whole year. Something has to change there and it's also our duty to 
do this. One of the things could be using waste much more. That also 
means that you have to think about catalysis that can deal with starting 
materials that are not pure. I can give you one example on the PET recy- 
cling. Every company has his own flame retardant, the oxydant and eve- 
rything in it. As a result, it's sometimes very difficult to find a catalyst 
that can deal with all of these different polyethylene terephthalates at the 
same time because every catalyst is very sensitive to something. So I 
would prefer to also look at catalysts that really can work with very dirty 
starting materials instead of a clean molecule in which you do it very 
correctly. 


Martyn Poliakoff: 
Could I just respond to your suggestion of making chemicals more expen- 


sive as a way of controlling consumption? I think that this is a totally 
immoral proposal because, at the moment, there are huge proportions of 
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the world's population who are profoundly poor and who deserve to use 
more chemicals. By raising the price, we are pricing out a large proportion 
of the world's population from benefiting from these chemicals. What we 
have to do is to use smaller amounts of these chemicals, so that the price 
per dose stays the same. But the manufacturer makes more money because 
they have more units of action from the same amount of chemicals. We 
really have to look at the poorest people in the world, rather than just fix- 
ing our minds on the USA or Europe because we are living to a standard 
which is shameful compared to many areas of the world. 


Peter Palese: 

We heard that there will be an increase in the energy footprint. If that is 
the case, my question to the panel is: if there is really an increase in energy 
needs, will there be a future with or without nuclear power possible? 


Karthish Manthiram: 

In many ways, nuclear power is certainly one possibility that remains, 
although the way in which the public views the technology is only going 
to make it increasingly hard to use. So part of the question is how do we 
achieve the baseline power that we need? Of course, solar and wind have 
struggles with intermittency. If we only power these chemical manufactur- 
ing plants, in the future, when the sun shines or the wind blows, we're not 
going to get the utilization factor that's needed to depreciate the capital 
equipment. You really need something that can work around the clock to 
make use of that capital investment. That means that electrical energy 
storage needs to get really cheap. We need to be able to store electrical 
energy in lithium ion batteries, or some other competing technology, to be 
able to then operate these plants around the clock. The issue is that, at 
present, that's a very expensive way of storing electrical energy. But it 
turns out that if you look at these plants very carefully, there are other 
ways of storing that energy. For instance, you can actually do your air 
separation during the day and store that as liquefied nitrogen. You can 
produce hydrogen and store it during the day and then operate some of the 
other non-electrically driven parts at night and actually get capital equip- 
ment depreciation. There are creative ways of storing energy that can also 
be thought about in these contexts. 
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David MacMillan: 

Dan's (Nocera) section is going to be discussing energy in great detail and 
I don't want you to take away too much of the momentum and the under- 
pinning discussions that are going to show up in that meeting. So I want 
to keep it slightly more towards the catalysis or the sustainable catalysis 
side of things. Not to close anyone down on any given sort of topic, but 
I think just to bring us a little bit more generally on this theme. One point 
I wanted to make real fast, and then we'll get to Omar (Yaghi), is that, at 
least in my world, there are many types of catalysis. There are certainly 
the cases of scale, where you worry about the scale of the actual volume 
or the amount of material or the energy consumption associated with it. 
There's another scale associated with catalysis and that's the scale of peo- 
ple. Every day on Barth, there's more than 70,000 human beings who 
perform a different palladium-catalyzed cross-coupling reaction from 
each other. They are completely different reactions but there are cross- 
couplings. That's an enormous number of people but they're doing it on 
very small scale. The question is: should we be worrying about those 
people? Should they be thinking about inventing reactions for diversity of 
synthesis, as much as singularity of synthesis? Is that important? That's 
obviously going to come from an academic environment as to how we 
think about that. So the question is: do we think about sustainability as we 
think about diversity of transformations at the same time? 


Omar Yaghi: 
I would like to ask the panel whether there is a definition for what sustain- 


able means from a chemistry point of view. What are the intellectual ques- 
tions that need to be addressed to get to that level of sustainability? For 
example, you mentioned moving from precious metals to more available 
metals and things like that. But what bonds should we be avoiding to 
make? And what bonds should we be focusing on? What strategies can 
chemists develop to make their chemical reactions more sustainable? I'm 
trying to get into the “nitty gritty” of what would a graduate student do if 
they come into our lab and say “I want to work on sustainable chemistry"? 
First, what is it? And second, what are the real challenging questions on 
the molecular level that we need to be able to address? 
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David MacMillan: 

First of all, you hit the nail on the head. Sustainable is sort of an amor- 
phous term. It's an umbrella term that incorporates a lot of things that fall 
beneath it. I think one of the purposes of today is to try and think about 
what all those different parts are. What to work on is a more challenging 
question because there's so many different components to this. The key 
parts are: what are the main intellectual ones? What are the main intel- 
lectual questions you can start to think about? I think that boils down to 
what are the top problems we should be caring about? Defining that is 
obviously going to be critical, to sort what are the questions and the intel- 
lectual problems associated with it. 


Martyn Poliakoff: 

I teach sustainable chemistry and one of the repeating questions that the 
students are asked is: what is the difference between green chemistry and 
sustainable chemistry? Green chemistry is governed by a number of prin- 
ciples (12 principles) while sustainability has three pillars: there is envi- 
ronmental, social and economic. The slick definition is that green 
chemistry looks at the environmental and social impacts, whereas sustain- 
able chemistry also looks at the economic impact. Whatever green process 
you make, it cannot be run to financial loss because this is not a basis of 
a long- term sustainable industry. I got really excited when we got exam 
answers from students that actually say "this process is quite green but 
I don't think it's sustainable", which I think is just the way that we have 
to get people to think. To answer Omar's (Yaghi) question, students have 
to take whatever the problem is and ask if they can devise a method which 
is both greener and economic to run. Part of sustainability that one has to 
think about is the available supply of the elements. We're now spending 
far more of the petroleum energy getting it out of the ground than we did 
a century ago. When this conference started, you needed one barrel of oil 
to get 100 barrels out of the ground. It's now about one barrel of oil to get 
five barrels out of the ground and that number is going to get smaller and 
smaller. So we have to think about using the resources that we've got more 
efficiently. Because I come from Nottingham, the home of Robin Hood, 
I have encapsulated this in what I call “the Robin Hood question", which 
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is: “how can we give to the poor without robbing the rich"? This is the 
way that chemists have to go in the future. 


Matthew Kanan: 

I'm going to try to answer your main questions, Dave (MacMillan), and 
touch on some of these themes. I think there's merit to worrying about 
sustainability on the small scale and trying to innovate to address that. 
That has to be balanced against the pace of knowledge acquisition. As for 
people working on a small scale and trying to make a molecule to answer 
a particular question for drug development, I think burdening them with 
trying to devise a more sustainable way to get to that piece of information 
may not always make sense and may not always end up saving any energy 
or resources. But devising ways that can improve the material or energy 
efficiency of pharma for a scaled up drug is certainly something that 
advances human progress. I think that's great. I don't see those as stepping 
stones to going after gigaton scale problems. I don't view that as the early 
adoption of the future of sustainable production because the natures of the 
problems are very different. Learning how to electrify a drug doesn't teach 
me how to electrify a fuel for example. If you want to go after gigaton 
products, super commodities and the fuels, dig in and look at how those 
are made, identify the opportunities to intervene and either switch them to 
green or improve efficiency. There aren't that many targets to make. For 
ammonia, most of the energy is in the hydrogen. So one could argue that 
we are in the process of greening hydrogen production. We are at the 
beginning of what I think is an inflection point for green hydrogen. As was 
done 100 years ago, you could start to use electrolytic hydrogen to make 
ammonia again and as the manufacturing capacity and cost of hydrogen 
comes down, that would maybe be more and more competitive. Same 
thing with fuel and the Pearl GTL plant in Qatar that Ben (Feringa) 
alluded to. All of those products (gasoline, middle distillates, waxes) 
they're all coming from syngas. So if you green syngas, there's infrastruc- 
ture, there's know how already in place today to turn that syngas into, 
from a volume perspective, just about everything that we use. That prob- 
lem is different than C-N or C-C bond formation in pharma. They're both 
addressing different problems. But I think if you really want to go after 
the gigaton, it makes sense to think about that now and then figure out the 
best way to improve that. 
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David MacMillan: 

It's a great point. Can I maybe springboard off of that and put a different 
question out to this chemistry audience? Picking up Matt's (Kanan) point, 
I was just talking about diversity in my world. We care about invention of 
new transformations and new types of bond forming processes. Being able 
to make things that we couldn't make in a different way previously is 
inordinately important. To some extent, I agree with you. I’m not sure how 
much you should care about sustainability with respect to that invention. 
Are there transformations that have not been envisioned that we should be 
thinking about on scale that don't exist right now? Or should we be think- 
ing about our invention be around new catalysts to optimize what we 
already have? I assume everyone's going to say a blend of the two. What 
are the transformations that we don't have right now and that we should 
be envisioning? Karen (Goldberg) gave a really nice example during her 
talk but I was wondering if maybe people had other thoughts around the 
table of other types of processes that could be valuable in that context. 


Daniel Nocera: 

That's an important question because this conference started when the 
chemical industry started and energy was free, basically. You were using 
oil and nobody cared, one barrel to a hundred. And you didn't care about 
CO,. For all your processes, you had no thought about CO, or energy. 
I was actually going to ask Karthish (Manthiram) and the panel, and 
I agree with Matt (Kanan) and Sossina (Haile), we have a big legacy infra- 
structure which you want to tap into. But maybe there are other products? 
I always say this to organic chemists. So, what do we do in oil industry? 
We take super long energy intensive things; then we break them down to 
C, C, or C,, and then we rebuild everything. There's an energy penalty for 
that. I always say to my organic colleagues at Harvard: if I wanted to make 
diesel, instead of breaking it down and rebuilding it, could I just take a 
very simple freshman organic chemistry reaction, hexane and hexane and 
in one step make a C,,, for instance? The question comes: do you want all 
these targets of a legacy world, which, again, tapping into for economic 
reasons is important? But it might not be the targets of a future when 
you're worried about energy and about CO,. I have some numbers. You 
actually have a fair amount of energy in CO, for breaking things down and 
rebuilding, even though most of the carbon content is in the things you're 
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making, that you're digging out of the ground. I acknowledge that but 
I think there's real value to what you're saying to rethink different targets 
that aren't defined by a legacy 100-year of infrastructure. 


Karthish Manthiram: 

Just to add to what Dan (Nocera) mentioned there, I think that there are 
many opportunities to think about how we make the same molecule while 
having a very different overall reaction that leads to it. While we're still 
perhaps looking at making a molecule like ammonia, which is familiar, 
that molecule can have a very different overall reaction compared to what 
we're making today. Rather than starting with nitrogen, methane and 
water, and getting to CO, and ammonia, to instead be able to make just 
nitrogen and water into ammonia and oxygen. You thereby remove this 
externality (CO,) that we're of course concerned about. Just going back to 
a point that Matt (Kanan) made earlier about whether decarbonizing phar- 
maceuticals and getting sustainability is linked to commodities, I think 
you're absolutely right Matt that there are definitely differences in the 
ways that these chemicals need to be approached. That being said, I think 
there's some shared platform aspects. For instance, being able to use 
hydrogen, sustainably produced from water electrolysis. We're seeing 
examples of the pharmaceutical industry to be able to make some of these 
chemicals on site rather than sourcing them externally. There are increased 
margins to be able to introduce some of those synthetic steps in those 
contexts and then, as those technologies become cheaper and cheaper, to 
implement them at bigger scale. Some technologies are separate and will 
be made without shared basis. Others can work their way up this pipeline. 
So it'd be very careful in deciding where those shared elements are, and 
where things are entirely separate as well. 


Robert Knowles: 

I was going to follow up on things that Dan (Nocera) said, and also that 
Bert (Meijer) and Ben (Feringa) had mentioned previously in their com- 
ments, and thinking about plastics. We take small molecules and we 
polymerize them into these large macromolecules. Now we have all this 
accumulated waste. I think a really interesting prospect for catalysis is 
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thinking about how do we design really good reactions to turn all those 
things back into feedstocks that we can then repurpose for all sorts of dif- 
ferent applications. That's definitely something that has gotten a lot of 
attention but I think there still are a lot of fundamental chemistry solutions 
that need to be devised and developed. There are certainly sort of dream 
reactions that you could imagine being able to take waste plastic and turn- 
ing it into feedstocks for all sorts of other processes as well. 


Martyn Poliakoff: 

If I can respond to our colleague from Stanford (Matthew Kanan), I don't 
think that it's necessarily reasonable to do some small scale reaction sustain- 
ably if you just want to make something quickly. However, I feel that the 
person doing it should have the mindset to know what sustainable chemistry 
is and to deliberately decide that, on this occasion, they won't do this sus- 
tainably. Just in the same way that, when you're crossing the road, you may 
decide the risks outweigh the need to go to the pedestrian crossing, and you 
will jaywalk across here, because you need to get somewhere quickly. But I 
think we need to get people to think carefully. I also take what you say about 
existing infrastructure of the chemical plants and just point out that, a hun- 
dred years ago when this first meeting took place, if people were asked about 
the future of military shipping, they would say we've got all this investment 
in battleships and therefore, we should have the future designed entirely 
around battleships. There may be occasions when we will have to write off 
these plants because whatever a disruptive technology is coming. We cannot 
all the time be harnessed by the conservatism of the chemical industry that 
Chad (Mirkin) mentioned. On the other hand, we need to think sensibly 
because we don't want to throw away resources if they are valuable. 


Kurt Wüthrich: 

I am quite intrigued by the suggestion that we should go for catalysts that 
could work on waste and on impure materials. As an outsider, I would 
think that heterogeneous catalysis could hardly work because the catalysts 
would be poisoned in no time. So what is the future? How could this 
demand be satisfied? Would it rather be homogeneous catalysis or hetero- 
geneous catalysis? 
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Robert Knowles: 

It probably depends on the types of materials. I think one of the big chal- 
lenges with things like thermoset materials is they're insoluble. Doing 
heterogeneous catalysis on molecules that don't come in solution is a 
really big challenge. Whereas other polymers are soluble and you can 
imagine doing heterogeneous types of approaches. I’m not sure there's a 
“one size fits all” but I think things that could be heterogenized are prob- 
ably ideal. But I don't think it's going to be possible for all cases. 


Karen Goldberg: 

I just wanted to go back and comment on this idea of waste material and 
what we're producing. When we first started producing plastics, we 
clearly weren't anticipating the stockpiles of plastic that have accumu- 
lated. Same thing with these wind turbines that are now piling up and we 
have to deal with. And the solar panels, you could say the same thing, 
what are we going to do when we're going to have these stockpiles of 
solar panels. So I do think that we should have learned from our plastic 
experience that we must think about these wind turbines and the solar 
panels, and how we're going to work with those materials and extract 
things from them and recycle those materials. So, I think that's part of 
sustainable future. 


Matthew Kanan: 

To quickly respond to Martyn's (Poliakoff) comment, I think you're talk- 
ing about the educational aspect of embedding sustainability at the lab 
scale. I agree that's valuable, I think the danger that I see in the literature 
is that sustainability becomes what I write in my intro to justify whatever 
I'm going to do in the rest of the paper that may or may not be ultimately 
aimed at anything remotely feasible or sustainable. So I think that has to 
be balanced in terms of educating people to think critically about sustain- 
ability as it applies to one problem and whether or not those principles are 
at all applicable to another bigger sustainability problem. With respect to 
plastic, I think this is another great example of a case to think critically 
about what the landscape of options is today. There's a plastic waste, han- 
dling waste management problem. Plastic in the environment is undenia- 
bly atrocious and should be addressed. That's not going to be addressed 
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by a new catalyst that would somehow convert a grocery store bag back 
into monomers. Those are sort of two separate problems. But I think it has 
to be balanced. What could I do if I accumulate a bunch of waste? What 
are the options I have today? I could try to figure out how to devise a cata- 
lyst to somehow depolymerize C-C bonds. It's an unbelievable and fasci- 
nating intellectual challenge. But we have to think about what that could 
possibly look like from a chemistry or even engineering point of view. I'm 
trying to process this heterogeneous material back into monomers, to then 
transform it back into plastic, using alternative ways compared to the 
more engineering or thermal breakdown cracking point of view, i.e. that 
I can transform the materials back into monomers with which we already 
know how to work with. What's the footprint of that, relative to the con- 
ceivable footprint, even if I imagine a best-case scenario for a new cata- 
lytic process? At the outset, maybe I can’t do that perfectly, but I think that 
those considerations have to be brought to the fore. Just being able to say 
I have some transformations that turn plastic back into monomer, there- 
fore, that's better than anything else I could do with the plastic. However, 
I don't think that's true, the devil is in the details with the life cycle of 
those two pathways. 


Nicholas Turner: 
To return to Dave's (MacMillan) question, should we invent more cata- 


lysts and more reactions or should we improve the catalysts we already 
have? I tend to see things through the prism of a biochemist. If you look 
at Nature, it basically uses a much smaller set of organic transformations 
than organic chemists have successfully invented in the last 100 years but 
it uses those to make an incredible diversity of products. If it wants to 
make carbon-carbon bonds, it doesn't have anywhere near the comple- 
ment of catalysts or reagents that organic chemists have been invented. It 
tends to use aldol reactions or polyketide synthase reactions, and it uses 
them over and over again. Of course, Nature produces incredible natural 
product diversity. Reaction diversity doesn't necessarily equate to product 
diversity. You can get to beautiful natural products that have inspired peo- 
ple in terms of pharmaceuticals and agrochemicals by judicious and clever 
use of reactions, often in an iterative way. If you've only got a minimal set 
of reactions, you need to use them over and over again. I wonder if that 
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approach has been fully explored by the organic chemistry community 
who loves to create new reactions, obviously, because that usually results 
in fantastic publications, and it demonstrates your ability to think and 
invent new chemical reactions. But are there other ways of doing synthe- 
sis? Nature obviously perfects catalysts, that clearly happens. It evolves 
enzymes to be supreme catalysts. So it's gone down the route of taken its 
minimal reaction toolbox and making those enzymes work incredibly 
well. 


David MacMillan: 

That's extraordinary impressive the fact that Nature can do with so little. 
If Nature had all the reactions that we had invented, just think how fantas- 
tic life forms we would be right now. Anyway, that's a whole different 
thing. But the point is you do see this mimicry of Nature and it's astonish- 
ing to me sometimes how long it takes to mimic Nature. I'll give an exam- 
ple. A cascade catalysis, the idea that you can have four or five different 
catalysts in the same vessel to dramatically improve the efficiency from 
the simple start inputs to the molecular complexity that you're looking for, 
has only really started to happen over the last 15 years. That's stunning if 
you think about how long catalysis has been around. I will also point out 
that one of the great things with biocatalysis is how itis expanding beyond 
Nature's toolbox. It really is going in lots of new directions that Nature 
doesn't do, but clearly enzymes can do. 


Ben Feringa: 
I fully agree with Dave (MacMillan) and there is one other aspect that has 


not been mentioned and where we have the ability to design in the future 
and that's adaptive catalysts, catalysts that respond to their environment. 
If there are other components in the mixture, they adapt their behavior and 
they can still handle it. There are now some beautiful examples in the 
literature where you have responsive or adaptive catalysts, where they can 
do multiple functions, not only in a cascade but also adapt to a situation 
where the starting materials slightly differ or where you have a mixture of 
components. I think there is tremendous open field to discover and to 
build in these kinds of responsive function. See catalysis or, in general, 
Chemistry as an information Science. What information does get in there 
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and how the system responds to it? We will get to these systems this 
afternoon. 


Sossina Haile: 

I'm wondering if we've really addressed Omar's (Yaghi) question because 
if I were asked “what is sustainable chemistry?", lm not sure that I would 
have a good answer for that. Does it mean that we're doing the full life 
cycle analysis? Are we saying that anything, any chemical that's used as 
an input we see where it's going to end up? Are we defining that in terms 
of the energy use for the catalysis product? Are we defining it in terms of 
avoiding precious metal catalysts? I’m curious from this panel what that 
answer is. 


Karthish Manthiram: 

I think I hold maybe an overly simplified definition close to heart but I'll 
state it anyway. For me, sustainability means the ability to practice a 
chemistry for eternity while minimizing harm. In an oversimplified way, 
that captures that I want chemistries that we can do essentially forever 
without having harm, however we define it. From a CO, footprint perspec- 
tive, it could mean from the discharges we have but there's so much that's 
left to the mind of whoever hears this to determine what types of harm 
they're concerned about. But I'd like to be as comprehensive as possible 
on these things and I think this is why life cycle analyses need to be more 
comprehensive than they are today to draw that box as big as we can to 
consider all the ramifications. But we have to admit that what we care 
about in harm is so values based and that's part of why we have to have 
discussions of the sort that help us set forth how we do define that harm 
and what eternity means to all of us together. 


Martyn Poliakoff: 

The problem with life cycle analysis is that you can't really do it until you 
have built the process and have it running. This is why people need to 
develop proxies like the E factor or PMI or whatever, which will show you 
whether you're on the right lines or not. It's like some of the simple things 
that are used in thermodynamics: Kapustinskii's equation to estimate lat- 
tice energy so that you can see whether your Born-Haber cycle is going to 
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be approximately endothermic or exothermic. If it comes out close to zero, 
you know that you need to use more precise measurements. But you can’t 
build a full scale plant for every potential process and do a life cycle 
assessment. I think one has to make some approximations. It is just an 
awareness of some of these issues which we really need to get as part of 
the things that chemists think about. I agree with Matt (Kanan) that you 
don’t want people just pretending that their work is sustainable so that they 
can get it published. But on the other hand, we want more and more chem- 
ists to think and genuinely care about the sustainable implications of what 
they’re doing. Sometimes they may find a brilliant reaction that’s not very 
sustainable, but demonstrating that it’s possible may then inspire people to 
think how it could be done more sustainably. It would be disastrous if 
sustainability became a sort of chemical equivalent of political correctness 
that would forbid people from doing reactions. But we need to consider it. 


Joachim Sauer: 

One can ask: is it sustainable chemistry or are we also considering chem- 
istry contributions to a sustainable society? I would say we need both. We 
need to address the genuine catalysis questions which could then contrib- 
ute to problem solving, which are needed to cooperating with engineers 
and economists. Two of these genuine problems have already been men- 
tioned. One by Kurt Wiithrich: how are we dealing with mixtures? There 
was a lot of activity in the past. Times, we have been very proud to have 
a selective catalyst for a given feed. But now, we have to ask the question: 
how we are dealing with mixed feed and impurities? Or as Ben (Feringa) 
was saying, how we are dealing with adaptation? Another thing is how we 
are dealing with self-repair which is so great in Nature? So, I would say 
there are these two aspects if the student is coming and asking, and we can 
tell him to try to find the catalyst which deals with impurities and poisons 
and resistant to this one. 


Chad Mirkin: 

Actually, I really loved your analysis of green chemistry versus sustaina- 
ble chemistry. The problem with it, and I think you really made the right 
clarification at the end, is this whole issue of setting a standard. Because, 
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at least as I understood it the way you described it, sustainability is based 
upon current markets and current limitations on the economic side of 
things, whether it's energy or actually dollars. And those changes. So 
going back to this issue of what we should be doing and how we should 
be training students, to me at the academic level, it's about pursuit of 
knowledge. What's sustainable today or not, that may or may not be the 
case tomorrow. I love the clarification that it would be a shame if this 
became a type of political correctness that got implemented in how you 
chose to pursue knowledge at university because I think it would lead to 
us unnecessarily curtailing our growth and understanding as an organiza- 
tion and as a profession. 


Clare Grey: 
Following on Karthish's (Manthiram) comment, a lot of the motivation of 


the session was about CO, capture. We can have a long debate about what 
that does. When you're trying to say is it sustainable, I think we need to 
be very clear on how we motivate it, because if the CO, capture is motivat- 
ing the oil companies to continue... We can discuss this tomorrow, busi- 
ness as usual. So, I think it's important to say what are the fundamental 
aspects, like Chad (Mirkin) has just articulated. Coming from the battery 
industry, we had for a very long time, particularly in the US, goals set by 
the car companies which completely stymied research. It wasn't until 
some of them were just removed, that the field opened up and brought in 
different areas that this field (battery industry) was able to grow. So, I 
think one needs to be very clear on making sure to take into account that 
there are also political aspects in all of this too. Carbon capture has politi- 
cal aspects in it, too. 


Karen Goldberg: 
I wanted to comment on this idea of sustainability being forever. I think 


that's a little bit dangerous, because there are so many unintended conse- 
quences of whatever we develop and what we think is going to be sustain- 
able. Then we find out later that we've created other problems. So I think 
we have to keep in mind that we're not going to know everything and what 
the unintended consequences are going to be. 
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Andrew Turberfield: 

On the theme of scale and energy use, another industry that's a vast con- 
sumer of energy is cement production. Is there conceivably a role for 
catalysis in cement and why haven't we talked about it? 


Karen Goldberg: 

I think people are looking into a lot of things like putting plastics into 
cement and trying to figure out other ways that we can deal with things. 
But yes, it definitely is on scale of our CO, so we have to deal with that. 


Karthish Manthiram: 

I'll just add that one challenge is that the overall reaction involving mak- 
ing calcium carbonate into what's used in cement intrinsically involves 
CO, production. So it's difficult to conceive how we would alter that by 
itself if we remain with that reaction. 


Andrew Turberfield: 
But it's also a huge consumer of energy. 


Karthish Manthiram: 

Exactly, yes. So there's multiple facets to it. We need to make it more 
energy efficient. We also need to think of ways of utilizing that CO, and 
where it becomes challenging is that if you can envision the products 
you'd want to make from that CO,, you would very easily flood most 
markets for useful products. So you're almost forced then to make that 
CO, into a fuel if you want to make something that won't simply flood the 
market that comes out of it. So there's this aspect of scale one needs to 
consider in terms of what you want to make, in addition to making pro- 
gress on the energy efficiency, as you mentioned, but there are opportuni- 
ties across the board for doing that. 


David MacMillan: 

We're down in the last five minutes and rather than keep going in the vein, 
I just want to go around the room and ask one last quick question. Are 
there any aspects of sustainability that we haven't discussed that people 
feel we should put at the top of our heads before we leave this meeting? 
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Omar Yaghi: 
I'dlike us to think more about resiliency rather than just sustainability. We 


should be designing systems that could work in different contexts. Just 
like what was mentioned in biology, there are few rules but they're applied 
in different contexts and they've done very well. So I think about resil- 
iency and adaptiveness, as was mentioned by Ben Feringa. Let's not forget 
about how things are connected, in the end, to build a cycle. I used to 
occupy the office of Melvin Calvin at Berkeley who always thought in 
terms of cycles. So I think it's useful for us to think about a cycle for 
whatever we're making. Where we start, where we end up and how, what 
are the byproducts and how can we minimize harmful byproducts. So I 
would say resiliency, adaptiveness, things that can work in different con- 
texts. And let's not forget about the connectivity through these cycles. 
Thank you. 


Martyn Poliakoff: 
I would say that Nature is not terribly resilient and that organisms face 


extinction when circumstances change so that we don't have the diversity 
in chemistry to deal with even the modest change of circumstances at the 
moment. But I would like to say that this has been a really good discus- 
sion. I would very much hope that, in the sessions to come, sustainability 
will still feature, perhaps not as the prime topic. But we should bear it in 
mind for the rest of the conference because I think it is a really important 
issue that is becoming higher and higher on the agenda of both academics 
and industrial chemists. 


Daniel Nocera: 

Dave (MacMillan), could I mention one thing, because you guys are all 
leaders, and I heard this a lot today about precious metals? Of course, if 
you have a really great catalyst, you don't worry about it as much but, as 
chemists, we forget our human society a lot, that's part of the sustainabil- 
ity. One really important reason for Earth-abundant metals, because that's 
been around in my field for a long time, it gets a little off track but it's 
conflict mining. That's really up front, and it gets to Martyn's (Poliakoff) 
issue, because it's mostly in the poor parts of the world and there's huge 
geopolitical instability. So having Earth-abundant metals is super 
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important at a social level because of conflict mining. The problem is we 
don’t see that part of the world because we don’t live in it. But that’s one 
other thing you guys could add to your slides about Earth abundancy. 


David MacMillan: 

I think we’re getting to a natural end of this discussion here and I think 
people are probably hungry. I just want to finish off by summarizing. This 
has been a great discussion. One thing I would point out is that, in 
Chemistry and Science, we often talk about grand challenges, which are 
sort of predefined questions for people to think about. I would suggest that 
the people in this room, no pun intended, are catalysts for the community 
to decide to work on any given problems. We do have a responsibility 
because we do tend to work on things that many other groups around the 
world tend to become interested and excited in. That just is the nature of 
the beast. I would say that this question we get into, about envisioning 
what to work on, and Dan (Nocera) had a nice example of hexane plus 
hexane, that the more of those questions that we put out there, regardless 
of whether we have solutions for them or not, are actually going to be as 
important as our own efforts individually within labs, to get the world 
thinking about questions that would be extraordinarily valuable in this 
area of sustainable catalysis. Even if we have no idea about how you solve 
it. I think the setting of the stage is going to be as important as the execu- 
tors. With that being said, I want to thank all the panelists and P11 turn it 
over to Kurt (Wiithrich) to finish. 


Kurt Wiithrich: 

It seems to me that we have not as yet given due consideration to transport 
of materials to the catalysts. Especially when we talk about capturing 
molecules from the gaseous state, it is not trivial to get enough material to 
the catalysts. This is more an engineering problem, probably, than a 
chemical problem but I suggest that we keep in mind for the following 
sessions that, on a large scale, efficient material transport to catalysts may 
be as important as having top catalysts. 


David MacMillan: 
All right, I think we’ll break for lunch there but thanks everyone for par- 
ticipation. Thanks a lot. 


Image courtesy of Ben Feringa 
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Facing our future, chemistry as the creating science par-excellence will 
play a central role in the sustainable developments of the 21st century. 
Addressing fundamental challenges associated with the introduction of 
sustainable processes and products, re-inventing materials and energy car- 
riers, going from trial and error to molecular design in medicinal chemis- 
try, or dealing with molecular complexity, molecular systems, and 
out-of-equilibrium behaviour provides numerous opportunities for society 
and industry. Despite the amazing success of modern chemistry, the quest 
for dynamic self-assembled functional systems, mimicking the intricacy of 
natural systems, will guide the molecular explorer to the next-generation 
technologies. In this session, the focus is on dynamic (supramolecular) 
chemistry ranging from stimuli-responsive materials and molecular 
machines to biomimetic and adaptive systems as well as autonomous and 
out-of-equilibrium behaviour. 
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Going beyond molecules to dynamic supramolecular systems, it 
should be noted that one has to deal with a multifaceted approach, includ- 
ing structure, reactivity, organization, multi-component assembly, hierar- 
chical levels, amplification, and interface phenomena. Ultimately, specific 
functions and tasks have to be performed at distinct time and length scales 
as prominently seen in the “Machinery of Life”. Key is also the delicate 
interplay of covalent, dynamic covalent, and non-covalent bonds in the 
assembly process and adaptive behaviour. The use of computational 
methods, artificial intelligence, automation, and robotics will also be 
essential to address these multi-parameter challenges in the chemistry lab 
of the future ultimately building life-like systems. 

Illustrative examples of important current trends and emerging fields 
are among others: 


(i) Supramolecular assembly and organization; from precision polymers 
to complex and adaptive materials and multi-component systems. 
Going from passive matter while increasing the level of complexity 
and spatial and temporal self-organization, it is envisioned that 
designing dynamic matter ultimately could result in living or think- 
ing matter. 

(ii) Adaptive materials and molecular systems; here the focus is on life- 
like i.e., bio-inspired and out-of-equilibrium systems. 

(iii) Hybrid materials and interfaces; it is evident that they will be central 
to many advanced applications ranging from sensors and smart coat- 
ings to biomedical materials. Control over hierarchical co-assembly 
and responsive surfaces will enable a range of dynamic functions 
including self-healing and adaptive behaviour. 

(iv) DNA nanotechnology; taking advantage of the power of (supra) 
molecular assembly provided by nature's "information" building 
blocks in hybrid systems has proven extremely powerful for high 
precision construction of complex architectures, sensing, delivery, 
and motion and molecular computing. 

(v) Peptide-based bio-hybrid materials; merging natural and synthetic 
fragments allow for supramolecular (co-)assembly with a wide range 
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of functions in aqueous environment ranging from hydrogels for 
drug delivery to artificial muscles. In particular, opportunities arise 
for biomedical materials and interfacing these with living systems 
with fascinating opportunities such as tissue repair for neural func- 
tion or blood vessels. 


All these developments have in common the design and exploration 
of materials and molecular systems. “Learning from Life” features con- 
cepts for active, adaptive, and autonomous systems, but one is not limited 
by the amazingly versatile though rather limited set of building blocks 
e.g., nucleotides, amino acids, sugars, and lipids that were the basis for 
chembiogenesis preceding Darwinian evolution. Among the key questions 
one is addressing, one is as follows: “Can systems chemistry unravel the 
mysteries of the chemical origins of life?" 

A future important prospect is the design of molecular devices formu- 
lated by Balzani in 2007 as follows: 


"an assembly of a discrete number of molecular components designed 
to achieve a specific function. Each molecular component performs a 
single act, while the entire supramolecular assembly performs a more 
complex function, which results from the cooperation of various 
components". 


Central to these developments, shaping the future of chemistry is the 
transition from static to dynamic molecular systems i.e., the control of 
motion and the development of artificial molecular motors and machines. 
Pioneering efforts aiming at the control of translation and rotary motion 
have resulted in the discovery of rotaxanes and catenanes (Sauvage & 
Stoddart) featuring mechanically interlocked molecules and light-driven 
unidirectional rotary motors (Feringa). It should be emphasized that there 
are distinct differences between molecular machines in the macroworld 
and at the nanoscale i.e., biological machines. For instance, besides 
the difference in length scale between a robot in a car manufacturing plant 
(^2 m) and the natural ribosome, the protein-producing robot in our body 
(24 nm), there is the nature of the materials i.e., hard and soft materials, 
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respectively. Furthermore, in designing molecular motors, it is not so 
much a matter of getting motion but how to control motion realizing one 
operates at low Reynolds numbers and in an environment where Brownian 
motion rules. 

Among the wide range of designs and molecular architectures for 
controlled motion and machine-like function e.g., molecular pumps, 
assemblers, artificial muscles, responsive surfaces, adaptive catalysts, 
delivery systems, motorized reticular materials, adaptive polymers, and 
supramolecular assemblies, nanopores and walkers are just illustrative 
how widespread new opportunities have been identified in recent years. 
Controlling motion and mechanical function is also a basis for 


(b) 


Fig. 1. (a) molecular elevator; (b) light-driven rotary motor on surface; (c) autonomous 
chemical propulsion system based on carbon nanotubes fueled by sugar. 
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out-of-equilibrium systems akin to bio-machines representing a major 
challenge for chemistry in the decades ahead. 

Illustrative examples of molecular machines are shown in Fig. 1(a) 
(molecular elevator), Fig. 1(b) (light-powered rotary motor), and Fig. 1(c) 
(a catalytic chemical-driven propulsion system for translational motion 
using sugar as a fuel). 

It is evident that in designing molecular motors as a core activity 
while moving from molecules to dynamic molecular systems, one is faced 
with multiple parameters ranging from structure to function but also con- 
trolling time and length scales. But the prospects are bright and numerous 
opportunities arise, as summarized in Fig. 2. The amazing possibilities 
emerging from materials and bio-hybrids to soft robotics and molecular 
information science will be a source of inspiration and provide reference 
points to the chemical explorer on the journey towards functional life-like 
molecular systems. 


Autonomous Molecular Motion 
rotation non-equilibrium systems bending 


microrod perspective nanotube 
* synchronized motion 

* biohybrid systems 
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* move along gradients & tracks 
* roving sensors 
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* multitasking catalysts translation 
* control of protein/neural function microparticles 
* translation & transcription 
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* self- healing materials 


rotation 
microdroplet 


Fig.2. Control of autonomous molecular motion, opportunities, and future perspective. 
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Molecular motors as components of active 
chemical systems 


Although the nature of life and its origin are still a matter of debate, there 
is a scientific consensus on the peculiar capacity of living systems to self- 
organize from simple molecules to more complex (supra)molecular sys- 
tems that support the emergence of key dynamic functions (e.g., 
self-regulation, adaptation, and self-replication) [1]. In particular, one can 
mention an important common principle through the words of physicist 
and Nobel Laureate Erwin Schrédinger in his famous 1944 paper What Is 
Life? The Physical Aspect of the Living Cell, in which he states that 
“Living matter avoids to decay to equilibrium” [2]. Indeed, it is now well 
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understood that life self-organizes matter out of thermodynamic equilib- 
rium through a number of molecular processes and machineries. In this 
thermodynamic context, living systems can be qualified as “active” 
because they produce physical work on their environment. For instance, 
they can create concentration gradients by powering ion pumps, drive 
complex endergonic chemical transformations and reaction networks, 
transport cargo between well-defined locations, contract muscles, gener- 
ate flagellar motion for propelling cells, and ensure the dynamics of the 
microtubules during cell division. In all these processes, the active sys- 
tems are thermodynamically driven uphill through energy consumption 
and (transient) energy storage, and they subsequently generate the neces- 
sary functions when needed. Interestingly, this escapement of thermody- 
namic equilibrium is often mediated by biomolecular motors which can 
perform tasks from nano- to macroscale through the controlled mechani- 
cal actuation of their elementary parts when fueled by an appropriate 
source of energy [3]. 

In the past 40 years, often inspired by living systems, synthetic and 
supramolecular chemists have achieved a series of breakthroughs leading 
to the design and first syntheses of fully artificial molecular machines and 
motors [4]. In particular, the Nobel Prize for Chemistry 2016 was awarded 
to Profs. J.-P. Sauvage, F. Stoddart, and B.L. Feringa for their seminal 
works on this topic. For instance, Sauvage and Stoddart managed to intro- 
duce a new kind of chemical bond, named today as “mechanical bond", 
[5] which allows controlled movements of large amplitudes within molec- 
ular components, such as catenanes and rotaxanes. Since then, a series of 
advanced works by the groups of Stoddart, Leigh, Credi, and others have 
demonstrated the possible ratcheting of these mechanical bonds out of 
equilibrium upon various sources of energy (including light, redox, and 
chemical fuels). Following a different approach using photoswitches, the 
pioneering works of Feringa gave birth to the first example of an artificial 
molecular motor in the literature, capable of constant and unidirectional 
rotation under light irradiation with frequencies up to the MHz regime [6]. 

By looking at the current state of the art in this field of research, one 
can expect that the next generation of artificial (supra)molecular systems 
and materials will advantageously implement such "active" molecular 
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machines in order to escape "dead" thermodynamic equilibrium and to 
generate advanced functions that mimic living processes. 


Our recent research contributions on artificial 
molecular machines that work on all scales 


With my collaborators, we recently focused on a series of investigations 
to amplify the motion and the mechanical work produced by artificial 
molecular machines and motors up to the macroscopic scale [7]. 

First, we developed covalent and supramolecular polymers made of 
bistable [c2]daisy chain rotaxanes to access contractile materials sensitive 
to pH variations (Fig. 1) [8]. 

In acidic conditions, the macrocycles of the [c2]daisy chain preferen- 
tially bind the ammonium stations and the molecule stands in an extended 
state; however, under basic conditions, the secondary ammonium stations 
are deprotonated, and the macrocycles preferentially bind the triazolium 
stations, resulting in a contracted conformation. At the molecular scale, 
this sliding motion occurs over approximately 1 nm, but when the [c2] 
daisy chains are integrated into main chain polymers or into bundles of 
polymer chains and crosslinked networks, the collective nanometric 
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Fig. 1. A supramolecular polymer which integrates the collective actuation of multiple 
mechanical bonds. In this generic example, the supramolecular polymerization of bistable 
[c2]daisy chain rotaxane monomers leads to contractile polymer chains. The molecular 
structure is represented in its extended state with the macrocycles bound to the ammonium 
stations. 
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displacements are correlated through space and can be amplified up to the 
macroscopic scale. For instance, we have shown that polymer gels made 
of [c2]daisy chain rotaxanes can contract and expand by approximately 
60% of their initial volume. It should be mentioned that in these particular 
systems, the [c2]daisy chain acts back and forth reversibly, and the work 
produced in one direction is undone during the reverse process. Hence, 
this switching situation where the machine influences its surrounding only 
as a function of its state is not sufficient to progressively increase the 
mechanical work performed on its environment, as opposed to what can 
be achieved in an out-of-equilibrium manner by living systems. 

To go one step further in this direction, we have demonstrated that 
light-driven rotary motors can be introduced as active reticulating units 
in polymer networks, and they can induce — upon autonomous cycling 
rotation — the twisting of the polymer chains up to the macroscopic con- 
traction of the material (Fig. 2(a)) [9]. 

Because the Feringa's motors we used rotate unidirectionally (Fig. 2(c) 
(i)), the coiling of the polymer chains leads to the formation of a variable 
number of chiral twists which preserve the information on the motors' 
trajectories. A system of second generation was subsequently designed to 
make it fully reversible [10]. It uses elementary modules made of a com- 
bination of two different mechanically active molecular units: one rotary 
motor and one rotary modulator linked by polymer chains (Fig. 2(b)). The 
rotary modulator is based on a tetrasubstituted dithienylethene photos- 
witch (Fig. 2(c)(i)). Its role is to function as an on-demand elastic releaser 
that operates at a wavelength different from the wavelength that actuates 
the motor. As the individual cycling units of the module can be actuated 
out-of-equilibrium at two different wavelengths, the work output at a 
steady state can be finely tuned by modulation of frequencies with the 
motor turning clockwise and the modulator anticlockwise. The impor- 
tance of these achievements compared to the state of the art was twofold: 
(i) the demonstration that these directional out-of-equilibrium cycling 
motions can be coupled to polymer chains and amplified up to the macro- 
scale and (ii) the proof that molecular motors can influence a whole sys- 
tem as a function of their trajectories and not only as a function of their 
state as usually observed with switches. This unique out-of-equilibrium 
control of motor-polymer conjugates was also implemented in the 
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Fig. 2. Mechanically active motor-polymer networks. (a) Schematic representation of a 
polymer-motor network that, under UV (hi4), produces a continuous, unidirectional rota- 
tion of the motor part (red and blue cylinders) with subsequent winding of the polymer 
chains leading to a macroscopic contraction of the entire network. (b) Schematic represen- 
tation of a polymer—motor—modulator gel that proceeds as in (a) when exposed to UV light 
but unwinds the polymer chains when exposed to visible light (hi4) by activating the 
modulator part (green and purple cylinders). (c) Chemical structures that compose the 
polymer-motor-modulator involving (i) enantiopure crowded alkenes as motors and 
(ii) photoswitchable dithienylethenes as modulators. 


mechanotransduction of living cells [11], in the transport of metal ions 
through phospholipid bilayers [12], in the determination of the work, 
torque, and force that can be generated by a light-driven rotary motor [13], 
and in the engineering of macroscopic bending actuators [14]. 

These series of works illustrate the possibility to couple molecular 
machines, including switches and motors with their environment through 
(supramolecular) polymers chains, and to possibly push these systems 
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progressively energetically uphill, far from thermodynamic equilibrium, 
in order to store and make use of their mechanical work therefrom. 


Outlook to future developments of research on 
mechanically active supramolecular systems 


Over the past forty years, a series of fantastic scientific achievements by 
synthetic molecular chemists has led to the first syntheses of molecular 
machines and motors. However, up to now, these fascinating objects have 
mainly been designed and synthesized as individual units and essentially 
studied on their own. This was understandably requested by the impera- 
tive need to understand and control their mechanism of actuation, but a 
remaining question is still recurrent in the scientific community and 
beyond: *What could molecular machines be useful for?" I believe that 
this question will be answered only if we understand how to interconnect 
these machines with their environment. By building further on our origi- 
nal works, we not only want to apply already existing knowledge on 
molecular motors, but we also want to answer the remaining fundamental 
questions that have not yet been answered even theoretically: (1) Will the 
integration of molecular motors in (supra)molecular systems and materi- 
als be limited to a few and specific examples, or can it be implemented by 
the design of more general and rationalized approaches? In particular, 
how to preserve — or even amplify — the out-of-equilibrium ratcheting 
actuation of a molecular motor when integrated into a material, possibly 
up to the macroscopic scale? (ii) Which efficiency can be reached by these 
systems, in terms of energy conversion, motion's trajectory, workload, 
speed of actuation, and power? Would these materials offer decisive 
advantages compared to simpler switching materials in terms of function- 
ing autonomy and work production? (iii) How to couple such molecularly 
motorized materials with appropriate devices in order to transduce their 
mechanical actuation in other types of energy? How to integrate them with 
other molecular elements (or macroscopic segments) to access multitask- 
ing materials? How to engineer them and to interface them with their 
environment in order to control them and/or to generate autonomous 
feedback loops leading to adaptation? Can we push such systems 
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sufficiently far away from equilibrium to generate self-organizing emer- 
gent behaviours (reaching, for instance, bifurcation points in their trajec- 
tories)? These questions should support new endeavours in the course to 
reach advanced dynamic systems capable of mimicking complex func- 
tions such as those encountered in living systems. 
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From chemical reactions to microscopic motility 


In the man-made world, motion is caused by mechanical forces that oper- 
ate at the macroscopic length scale. In contrast, it is the combination of 
physical and chemical mechanisms, involving molecules and their interac- 
tions, that sets living matter in motion. Whether biogenic movement is 
fuelled by chemical transformations, or whether it is directed by the com- 
plex operation of molecular machines, (supra)molecular interactions are 
ultimately responsible for any and all biogenic movement and associated 
purposeful motility [1]. 

On the way to unravelling some of the rules that govern motion at 
all length scales [2], we investigate the fundamental rules that impart 
purposeful motion to active supramolecular compartments, that is, to 
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microscopic objects that are also chemically active. One main motiva- 
tion for this 1s that the cell is the unit structure of life, thus its motile 
behaviour is also essential to its function, e.g., the motility of white cells 
for immunity, the motility of red blood cells for respiration, and the 
concerted movement of many cells contracting muscles. Further, moti- 
vation comes with the possibility of a plausible link between evolution- 
ary advantages and the motility of chemically active prebiotic cells. 
Finally, achieving control over the motile behaviour of compartments 
would give us greater control over mass transport in complex and 
dynamic molecular environments, at length scales between those of 
molecules and materials. 

Hereafter, I will discuss how chemistry can set supramolecular com- 
partments in motion and, conversely, how motion can alter the chemistry 
of these compartments. The reciprocal (mutualistic) interaction between 
chemistry and motion has implications for a variety of chemistry fields, 
including bio-industrial applications with the development of membrane- 
free artificial organelles, smart carriers, neuromorphic materials, and any 
other processes that involve controlling mass transport in complex supra- 
molecular systems and at microscopic length scales. 


Physical chemistry of droplets out of equilibrium 


It is remarkable how little systemic complexity is required for purposeful 
movement to emerge, though only within a limited range of parameter 
space. In a heterogeneous oil-in-water system, the presence of a minimal 
concentration of lipids in water is sufficient to confer motility to oil drop- 
lets (Fig. 1). Hereafter, I refer to this mechanism of motility as Marangoni 
propulsion, and one of its distinguishing characteristics is its relevance to 
a wide range of systems and environments. 

Once oil droplets are immersed in a lipid-containing aqueous solu- 
tion, the lipids organize at the droplet interface and stabilize the droplet 
by decreasing the liquid-liquid interfacial tension. Above a minimal 
concentration, lipids also self-assemble into micelles. At even larger 
concentrations, these micelles can set a droplet in motion: the micelles 
take up oil molecules into their hydrophobic core, and this pinching sets 
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above 
critical micelle 
concentration 
— 


motility 


3 
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Fig.1. Motile behaviour of droplets in lipid-rich aqueous solutions. Above critical micel- 
lar concentration, and in the presence of micelles, the uptake of oil from the droplet causes 
local instabilities in the interfacial tension. Gradients of interfacial tension lead to mass 
transport and eventually to the establishment of Marangoni flows that propel the droplet 
forward. 


the droplets out of their equilibrated organization. In particular, the dis- 
ruption of the lipid coverage at the interface induces the formation of a 
flow both inside and outside the droplet, and the combination of these 
flows propels the droplet forward. The droplets move towards higher 
concentrations of micelles that sustain the interfacial tension gradient 
and hence motion. Therefore, this movement is chemotactic towards 
sources of micelles [3]. 

Flows created as a response to gradients in interfacial tension are 
known as Marangoni flows [4], and therefore, when applied to droplets, 
the mechanism is best described as Marangoni propulsion. In this motile 
system, small gradients in interfacial tension drive substantial displace- 
ments. The movement stops once the lipid distribution on the droplet is 
homogenous and the droplet reaches equilibrium, which happens either 
when there are no empty micelles in the system anymore or once the drop- 
let diameter becomes too small. 


Emergence of complex motility in the course of 
chemical reactions 
In a heterogeneous environment, the rate of chemical reactions can be 


enhanced by active supramolecular motion (Fig. 2). The thio-Michael 
reaction between 1-hexanethiol and water-soluble 2-methacryloyloxyethyl 
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Fig. 2. Mutualism between lipid reproduction and microscopic motion [7]. (a) The reac- 
tion between 1-hexanethiol and 2-methacryloyloxyethyl phosphorylcholine (MPC) yields 
a surface-active lipid, which self-assembles to form micelles in water. (b) The rate of the 
lipid-forming reaction is enhanced in the presence of motile droplets. The kinetics are 
reported in the presence of motile droplets (150 1m, circle), in the presence of stationary 
droplets of hexanol (~132 um, triangle), and in the absence of droplets (square). (c) The 
rate enhancement is attributed to the fact that octanol droplets move chemotactically 
towards regions of high micelle concentration, which also corresponds to regions of high 
thiol concentration. (d) Mutualism between chemistry and motion. 


phosphorylcholine (MPC) produces a surface-active lipid that self-assembles 
into micelles. This system installs micellar auto-catalysis, where the prod- 
ucts of the reaction form micelles, and the presence of the micelles accel- 
erates the reaction further [5, 6]. Octanol droplets added to the reaction 
medium are initially stationary, but later, once the reaction produces 
enough lipids to create an asymmetry in the interfacial tension, they start 
moving chemotactically. We observed that the rate of the bond-forming 
reaction was enhanced (Fig. 2(b)). We hypothesise that this acceleration 
results from two complementary effects: (i) the droplets actively and 
chemotactically attract the reactive interfacial areas to the reagents and 
(ii) after solubilization, the resulting filled micelles are larger than the 
empty micelles. As the surface area of a sphere scales quadratically with 
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radius, filled micelles may be able to provide a greater interface for micel- 
lar catalysis [7]. 

Overall, a lipid-producing chemical reaction initiates the chemot- 
actic movement of droplets and, reciprocally, the chemotactic motion 
of these droplets enhances the production of lipids. In this symbiotic 
relationship between chemistry and motion, droplet motility can cata- 
lyze bond-forming chemical reactions — we call this phenomenon 
kinematocatalysis. 

Although chemotactic, the movement of chemically propelled drop- 
lets lacks persistence — typically, it results in erratic motion, with a nota- 
ble lack of control over rotational degrees of freedom. In contrast, 
swimming cells and bacteria exhibit persistent movement in fluid, turbu- 
lent, and chaotic environments by utilizing deterministic mechanisms to 
alter their propagation direction. Helical pathways are an evolutionary 
trait shared by these cells that actively move through water — in other 
words, they follow the threads of a screw. To explore their environment 
effectively, these cells have also evolved chirality-based reorientation pro- 
cesses, such as the run and tumble of Escherichia coli [9] or even more 
intriguing mechanisms, such as the helical klinotaxis of sperm cells and 
chlamydobacteria, which is deterministic [10]. Overall, it appears that 
helical trajectories are at the origin of the purposeful movement of swim- 
ming cells. 

Chiral liquid crystal droplets also exhibit helical motility (Fig. 3). We 
have shown that cholesteric liquid crystal droplets exhibit a distinctive 
spiral pattern [11]. We created such droplets by adding a small amount of 
molecular motors as dopants to a nematic liquid crystal. Using an artificial 
molecular motor as a dopant is obviously not without benefit, as we know 
that such liquid crystals undergo helix inversion [12]. These chiral drop- 
lets follow helical trajectories, with a handedness that is determined 
entirely by the handedness of the helix-shaped molecular motor dopants 
(Fig. 3). As soon as the chiral droplet is irradiated, the droplet and its tra- 
jectory undergo chirality inversion and, also, the direction of propagation 
is modified dramatically. This deterministic reorientation is entirely 
encoded by a molecular process and can be controlled by adjusting the 
concentration of dopant or the intensity of light. 


(a) (b) Time (e) 
Nematic Spherical Right-handed Qf 
liquid crystal confinement . motion - 
Left-handed 
helix 
. Rapid | Reorientation 
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Fig.3. Reorientation of light-responsive spiral droplets [8]. (a) Under illumination with UV light, artificial molecular motor m converts 
into m* with opposite helical shape. (b) In a nematic liquid crystal, both forms of the motor twist the liquid crystal and thus a supramolecular 
helix forms with a mesoscopic handedness that is defined by the helical shape of the motor. (c) In spherical confinement and with the liquid 
crystal molecules aligning perpendicularly to the interface, a double spiral disclination line forms at the surface of the droplet. (d) These 
chiral droplets move along helical trajectories with a handedness that is opposite to that of the droplets. (e) Once the molecular motor is 
illuminated, the photo-inversion of handedness reorients the helical trajectory and the new propagation direction correlates with the number 


of spiral turns on the droplet. 
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Outlook 


Active mass transport can be controlled by chemical reactions in supramo- 
lecular systems. This mass transport at the microscopic length scale can 
be harnessed to guide interactions between large ensembles of molecules 
with specific functions — what we refer to as complex molecular systems. 
In general, systems chemistry is concerned with approaching the chemis- 
try of life. This step forward into complexity requires chemists to shift 
their focus from optimization and the tackling of independent problems, 
towards complex systems that integrate orthogonal, parallel-operating 
functions. Beyond diffusion, I argue that the future of systems chemistry 
will involve active mass transport, as remaining out of equilibrium neces- 
sitates transporting matter. 

Controlling supramolecular motility may also prompt the develop- 
ment of new materials for brain-inspired computing. Motion at intermedi- 
ate length scales serves as means of reorganizing molecules within 
supramolecular architectures, a crucial step in the evolution of artificial 
cognitive systems. The active transport of mass will be essential to the 
design and synthesis of complex and functional molecular systems 
because if there is to be communication between two distinct compart- 
ments, it will be necessary to manipulate matter, alter its form, deliver fuel 
for chemical processes, remove waste, etc. In such complex systems, 
spatially separated molecular modules — compartmentalization — will 
be essential. 

The emergence of movement by interfacial instability requires only an 
emulsion and surface-active molecules, both of which must have existed 
at the onset of life on Earth [13]. Consequently, the interplay between 
movement and chemical reactivity as we describe it is also relevant to 
prebiotic chemical evolution. Primitive compartments, whether droplets, 
coacervates, vesicles, or a combination of these would have required 
motility to effectively exchange molecules and react with their environ- 
ments. Current micro-organisms are propelled by entirely different 
mechanisms than early life compartments would have been, as molecular 
machines and protein motors have emerged much later. Nevertheless, 
there must have been a time when primitive life forms and movement 
mechanisms coexisted. 
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Overall, I argue that interfacial mechanisms set chemistry in motion. 


The generation of flows at interfaces is a primitive mechanism that can 
endow supramolecular systems with autonomous and directional move- 
ment. Such purposeful movement is fundamental to the mechanisms of 
life and will undoubtedly prove to be equally significant in designing 
increasingly complex and functional chemical systems. 
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Life-like supramolecular systems 


The field of supramolecular chemistry is based on the intermolecular non- 
covalent interactions driven by the self-recognition programmed into the 
covalent framework of molecules [1]. Following the seminal contribution 
in the area “from molecules to dynamic supramolecular systems", we now 
aim to synthesize complex life-like supramolecular systems and materials. 
Inspired by Richard Feynman's statement “What I cannot create, I do not 
understand" [2], our goals are to gain a molecular understanding of life 
using synthetic systems and to make synthetic systems and materials that 
can function in a biological environment because they are indistinguish- 
able from their natural counterparts. Based on the knowledge accumulated 
so far, the field of life-like supramolecular systems and materials is 
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progressing in a stunning way with more and more scientists from differ- 
ent backgrounds being active [3—7]. Many biological structures and func- 
tions have been created with non-biological systems, such as replication 
[3], unidirectional motion [4], multi-scale architectures [5], soft robots 
[6], oscillating films [7], sensory nerves [8], and artificial tissues and cells 
[9, 10] to name a few. At the same time, the field of supramolecular chem- 
istry is aware that several important issues are emerging that require a next 
step in the approach. First, the words self-assembly and self-organization 
imply too much that the fabrication of supramolecular systems goes by 
itself, which masks their inherent complexity. Recent work on pathway 
complexity and kinetic traps in cooperative assembly processes [11, 12] 
shows that it is more appropriate to use the term non-covalent synthesis 
[13-15], which also emphasizes reproducibility. Second, the various 
forms of dynamics in supramolecular systems and materials, both at their 
formation and during their use, constitute the hidden language in the field 
[16-18]. In this short contribution, we would like to highlight these two 
important points for future research in the field "from molecules to 
dynamic supramolecular systems". 


Dynamic supramolecular systems and materials: 
Challenges and pitfalls 


From the moment one-dimensional supramolecular assembly of mono- 
mers into supramolecular polymers yielded polymeric materials that pos- 
sess material properties like macromolecules, the field attracted worldwide 
attention [19]. While macromolecules are based on the strong covalent 
bonding of monomers, their supramolecular analogues possess a highly 
dynamic nature due to the non-covalent bonding between the monomers. 
This unique property leads to self-healing and easy processing, making 
supramolecular polymers attractive for many applications, for instance, 
as biomaterials in regenerative medicine [20]. Over the years, many 
supramolecular polymers have been made, which can be divided into 
random-coil polymers assembled by an isodesmic mechanism and highly 
ordered and often helical polymers assembled by a cooperative or 
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nucleation-elongation mechanism [21]. In the 25 years of studying supra- 
molecular polymers, it is also becoming crystal clear that we arrived at 
an important point in the further development and understanding of these 
materials. In recent years, we have shown that the cooperative mecha- 
nism of the formation of these supramolecular polymers gives rise to the 
difficulty of pathway complexity. Similar to polymorphism of crystals, 
different nuclei can be formed resulting in the formation of different 
structures of the ordered polymers in the elongation, often with opposite 
optical activity. However, the dynamics of the system determines 
whether and how the kinetically formed structures are transformed into 
the thermodynamically stable structure. In highly dynamic systems, the 
kinetic form is often not observed in sharp contrast to highly static sys- 
tems that transform only after annealing. An example of pathway com- 
plexity is given in Fig. 1 [11]. It is often unclear how many different 
structures can be formed and how many can be present simultaneously. 
In the systems studied so far, these problems are obviously not an issue, 
but in the future when the complexity will increase, this challenge must 
be considered and then the words self-assembly and self-organization 
may be too simple. 
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Fig. 1. Pathway complexity in the formation of helical supramolecular polymers. 
Adapted from Ref. [11]. 
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Fig. 2. The proposed paradigm shift in synthetic chemistry; non-covalent synthesis 
instead of self-assembly and self-organization. Adapted from Ref. [15]. 


Pathway complexity as presented above becomes even more of a chal- 
lenge when more than one cooperative association must be controlled 
simultaneously. In recent work, we showed that the competition between 
micelles of surfactants and one-dimensional supramolecular polymers in 
water exhibits an unusual dilution-induced assembly process [22]. At high 
concentrations, the surfactant can disassemble the polymer by co-assembly. 
Then by reducing the concentration of the system, while the ratio between 
the components remains the same, this interference of the surfactant 
decreases with the polymer being formed. With the right choice of compo- 
nents, their ratios, and concentrations, we were able to obtain a gel-sol-gel- 
sol transition by dilution. 

Another unexpected influence we have recently noted is the role of 
impurities and the effects of solvents. When studying a rather simple 
monomer that assembles in hydrocarbons at lower temperatures, its 
behaviour was found to be highly seasonable and thus poorly reproducible 
[23]. It took more than a year to discover that minute amounts (20—40 
ppm) of water have a major impact on the cooperative supramolecular 
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polymerization and when and if the helicity of the chiral polymer switched 
by temperature. When the experiment was conducted in a glovebox with 
water concentrations below 8 ppm, the assembly process that formed the 
supramolecular polymer showed a logical and often observed mechanism. 
As soon as more water entered the medium, the helical polymer switched 
from left-handed to right-handed structures at certain temperatures. The 
temperatures at which this highly cooperative transition occurred were 
strongly dependent on the water concentration. Detailed investigations 
revealed that water, as a comonomer, became part of the supramolecular 
polymer below room temperature. Hence, the system changed from a rigid 
polymer chain at 30?C into a more flexible chain at 10?C, another coun- 
terintuitive finding. For some other examples from our group, we refer to 
a recent article *How subtle changes can make a difference: reproducibil- 
ity in complex supramolecular systems" [24]. 

The examples given above prompt us to rethink the future of dynamic 
supramolecular systems and materials and how we can fabricate life-like 
supramolecular systems. Although the term non-covalent synthesis has 
been used before by Whitesides [13] and Reinhoudt [14], it has never been 
embraced by our community. Therefore, we reintroduced the term to illus- 
trate today's challenges in a perspective article in Science [15]. 


Outlook on the future of dynamic supramolecular 
systems 


More than ever, supramolecular chemistry faces the same dilemmas that 
synthetic covalent synthesis faced in the past: which structural elements 
are robust and will always work, what mechanistical insights are needed 
to predict the outcome of the assembly process, how sensitive is the sys- 
tem to impurities, is the process window wide enough or is it very sensitive 
to concentration and temperature, how can the structure of the formed 
product be proven and assigned, how do we investigate the dynamics of 
the system, similar to conformational aspects of molecules, to name just a 
few of the challenges. Compared to the total synthesis of complex organic 
molecules such as vitamin B12, we can also design concepts similar to 
retro-synthetic and protecting-group approaches, multi-step synthesis, 
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capture unstable intermediates, and the design of catalysts for the non- 
covalent synthesis of our systems. With these ideas, we will not only be 
able to increase the complexity of the dynamic structures created but also 
arrive at systems and materials that resemble life, allowing us to use them 
as look-a-likes of natural biomaterials, and integrate them with living 
systems to remove the dogma that natural and synthetic molecules are 
different. Equally important, we will gain a full understanding of the prin- 
ciples of life. The latter can eventually lead us to an understanding on the 
origin of life or create artificial life. 
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Introduction 


The capacity of nucleic acids to store and transmit information plays a 
central role in the dynamic chemistry of life and must therefore have great 
potential in the creation and control of synthetic supramolecular systems. 
Oligonucleotides store information digitally using an alphabet of four 
bases: what distinguishes them from other information-rich molecules, 
such as proteins, is the facile control of interactions afforded by sequence- 
specific base-pairing. Control of intra- and intermolecular bonding 
through rational design of base sequences underpins research into the 
reprogramming of natural systems (synthetic biology), devices and sys- 
tems built by the assembly of oligonucleotide components (DNA and 
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RNA nanotechnology), archival information storage, and molecular com- 
putation. There is natural precedent for each of these applications, even 
molecular construction: nucleic acids are not only the material of genes, 
they play key roles in the regulation of gene expression and constitute the 
molecular machinery for ribosomal protein production. 

This chapter provides a broad-brush, personal perspective of a power- 
ful but idiosyncratic technology that is still discovering its place in the 
physical and life sciences. 


Building dynamic systems with nucleic acids 


Nucleic acid nanofabrication [1], using information encoded in base 
sequence to program assembly, is rapid and versatile. Nanostructures 
made from DNA make use of a small set of structural motifs: the double 
helix provides rigidity and the opportunity to link complementary domains 
of two molecules; interhelical strand crossovers serve as vertices in mesh- 
like structures [2, 3] or bind together parallel helices to fill space and 
increase rigidity [4, 5]. Assembly, typically by annealing multiple oligo- 
nucleotide components, is programmed through the control of patterns of 
base pairing through sequence design. It is usual to assign a unique 
sequence to each double-helical segment, even in otherwise symmetrical 
objects, such that the target assembly is unambiguously the most stable 
product. The simplicity and modularity of this construction principle 
mean that computational design tools can be used to automate sequence 
design [6, 7]. It also means that DNA nanofabrication is extremely 
versatile — the same set of structural motifs can be tweaked to improve a 
design or reconfigured to make something completely different. 
Construction with RNA adds a richer set of tertiary structural interactions 
[8] and, for intracellular applications, poses the challenge of design for 
assembly by out-of-equilibrium co-transcriptional folding of a single 
strand of RNA [9]. The field relies on the quality, speed, and rapidly 
decreasing price of commercial DNA synthesis: a DNA origami nano- 
structure (typically 4.5MDa) can be designed, ordered, and assembled 
within a few weeks with a material cost of the order of €1000. 

Most synthetic nucleic acid systems rely on a very limited repertoire 
of chemical reactions: base-pairing and other non-covalent interactions 
that determine DNA and RNA secondary and tertiary structure, sometimes 
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supplemented by enzyme-catalyzed covalent reactions (restriction, liga- 
tion, and templated polymerization). RNA [10, 11] and even DNA [12] 
have catalytic potential which can be used in dynamic devices [13, 14]. 
Structural, physical, and chemical diversity can be added through the use 
of covalently modified oligonucleotides to add lipids, fluorophores, back- 
bone inserts, multivalent vertices, reactive linker groups and thereby pep- 
tides, proteins, nanoparticles, etc. [15]. Because each part of a nucleic acid 
nanostructure can usually be uniquely identified by a local sequence of 
base pairs, the stoichiometry and position of each modification can be 
precisely controlled. An interesting application is DNA-templated synthe- 
sis, in which dynamic systems of chemically modified oligonucleotides 
are used to control a sequence of covalent reactions by bringing reactive 
building blocks into proximity in a programmed sequence [16]. 

A significant advantage of nucleic acids in the creation of supramo- 
lecular systems is that the sequence-specific base pairing that controls 
nanostructure assembly can be used to mediate dynamic interactions. 
A simple example is a strand-displacement reaction in which one oligonu- 
cleotide is displaced from a duplex by another with a domain of similar 
sequence [17, 18]. Strand displacement can be used to change nanostruc- 
ture conformation, for example, to open and close tweezer- or cage-like 
structures [17, 19], to move a “walker” along a track [20], or to initiate a 
templated coupling reaction [21]. The rates and equilibria of strand- 
displacement reactions can be widely tuned by breaking the symmetry 
between the initial and final duplexes by adding or subtracting terminal 
base pairs [22], introducing or healing base-pairing defects [23, 24], or 
using transient interactions to co-localize reactants [25, 26]. Kinetic control 
of strand-displacement reactions can be used to create molecular machin- 
ery that operates autonomously [27, 28] and systems for molecular compu- 
tation [29, 30]. Molecular computation based on strand-displacement 
reactions can be surprisingly powerful in practice because it lends itself to 
composable design: circuit components replicated with different sequences 
can operate more or less orthogonally and oligonucleotides embodying 
information-carrying signals can act as both inputs and outputs of elemen- 
tary operations. 

An important class of dynamic systems makes use of natural DNA- 
and RNA-modifying enzymes [31]. Operations include ligation (which 
can be conditional on hybridization to a complementary "splint"), 
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extension by a polymerase of a primer hybridized to a template, restriction 
(nicking or complete cutting) of a duplex incorporating a precisely defined 
sequence motif, and degradation (hydrolysis of the backbone). More 
closely biomimetic genetic circuits make use of, for example, ribos- 
witches or ribosomal production of transcription factors to control gene 
expression in cell-free systems, including geometrically controlled artifi- 
cial environments [32], or in cells [33]. 

Dynamic systems of nucleic acids can also be designed to respond to 
chemical stimuli, typically through competition between a ligand-binding 
motif, such as an aptamer, G-quadruplex or i-motif, and an alternative 
base-paired secondary structure, and to light. Such systems can form com- 
plex adaptive reaction networks [34]. 

There is a formidable strand of application-focused research into the 
use of DNA for archival information storage [35]. This is motivated by its 
chemical stability, information storage density, and certain protection 
from the obsolescence of technologies for manipulating and reading 
DNA. At its most straightforward, this technology involves only base-by- 
base solid-support synthesis and sequencing technologies, but there is 
scope for more complex synthesis schemes and context-dependent infor- 
mation retrieval that build on techniques of DNA computation [36]. 


Some advantages and frustrations of building with 
nucleic acids 


Compared to conventional top-down nanofabrication by lithography, 
DNA and RNA self-assembly offers considerably greater resolution, ena- 
bling construction with isotropic sub-nanometre precision [37] of micro- 
metre-scale objects [38]. However, assembly defects are ubiquitous and 
increase dramatically when patterning at larger length scales. 

Compared to covalent synthesis and synthetic protein production, 
construction by DNA and RNA self-assembly is quicker and more flexi- 
ble, capable of producing larger and more complex systems (in dimension 
and number of distinct components), and has an embedded capacity for 
embedded information and reprogrammable interaction that is difficult to 
emulate. It is not well adapted to provide the fine spatial control (on 
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sub-nanometre length scales) required to create a synthetic enzyme, offers 
much less chemical functionality, and currently operates at very low syn- 
thesis scales (typically in the picomole to nanomole range). 


Perspective 


Applications of nucleic acids in nanostructure assembly, synthetic molec- 
ular machinery, dynamic reaction networks, and computation are all pro- 
grammed — and can be reprogrammed — through information encoded 
in base sequence. For this reason, nucleic acids provide a uniquely flexible 
system for the exploration of the fundamental science of supramolecular 
assembly and dynamic molecular systems. For the purpose of creating and 
testing model systems, the limitations of dynamic systems of nucleic acids 
are outweighed by their flexibility and speed. 

In developing more practical applications of synthetic systems of 
nucleic acids, it is important to recognize their limitations. DNA synthesis 
costs are falling dramatically and it is already reasonable to contemplate 
nanostructure fabrication on gramme scales [39]. However, it is likely that 
complex DNA and RNA nanostructures will be limited to high-value 
applications. One promising (but static) example is the use of DNA tem- 
plates to lay out the components of three-dimensional molecular elec- 
tronic circuits. This would be a technological revolution, — but the drive 
to discover a radically new way to continue to miniaturize electronics in 
the spirit of Moore's law will soon become irresistible. 

A second class of application where economic drive has the potential 
to overcome economic drawback is in medicine. Synthetic nucleic acid 
systems have the potential to combine sensing and computation and actua- 
tion to create theranostic devices, that is, autonomous systems that com- 
bine local diagnosis and therapy. Nucleic acids provide a natural interface 
to natural genetic control systems and to RNA-directed gene editing: 
potential applications include tissue- and cell-specific treatment for 
genetic disease or senescence. Pursuit of applications within living sys- 
tems suggests the use of RNA nanostructures folded within the cell from 
RNA transcribed in situ. This creates new challenges and opportunities to 
develop dynamic assembly techniques: co-transcriptional folding from a 
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single RNA strand is a non-equilibrium process in which kinetic traps 
must be overcome or exploited [9]. 

DNA-templated chemistry can be applied to enable sequence- 
controlled oligomer synthesis and could form the basis of a discovery 
technology to explore new chemical spaces [16, 40]. Synthetic molecular 
machines, made from DNA and programmed by synthetic “genes”, would 
generate libraries of oligomers from natural and non-natural building 
blocks in parallel, autonomously, in a one-pot reaction. Retention of the 
connection between programming gene and product would enable ampli- 
fication and readout of the genes attached to the few products selected (for 
example, for receptor binding or catalytic activity), resynthesis, and even 
mutation and evolution. Selected products would then be synthesized con- 
ventionally for characterization and application — programmed synthesis 
by molecular machinery would only be used for discovery, for which cur- 
rent synthesis scales are already appropriate. 

A related potential technology builds on Drexler's vision for additive 
manufacture with molecular or atomic control [41], using DNA- 
programmed machinery built from DNA to position a “write head" with 
nanometre precision. A two-dimensional molecular printing system has 
been demonstrated [42] — extension to three dimensions and to more use- 
ful chemistry is work in progress. The question of whether such a manu- 
facturing technology could be useful given limitations related to DNA 
synthesis scales is unresolved: it is straightforward now to operate 10" 
devices in parallel, ten or more orders of magnitude more than a typical 
number of conventional production lines operating in parallel but fewer by 
at least the same factor than the number of parallel reactions in bulk 
chemical synthesis. An appealing possibility is that DNA machinery could 
be used to bootstrap a second generation of molecular printers using mate- 
rials with less intrinsic programmability but more desirable physical 
characteristics. 

Elements of DNA computation are embedded in all of the applications 
discussed above. Design for effective nanostructure assembly involves 
control of assembly pathways that are closely connected to computational 
strand-displacement cascades, dynamic reaction networks map onto elec- 
tronic circuits, a theranostic device must compute its sensor inputs to 
determine its mode and level of output, and context-specific information 
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retrieval from a DNA archive is a form of computation. DNA strand- 
displacement networks are capable of executing much higher-level pro- 


grams using quantities of material so small that they could be distributed 


throughout a structure or material: future uses of this extraordinary capa- 
bility are difficult to predict. 
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Chemistry out-of-equilibrium 


Although physical laws are universal, the relative influence of different 
forces changes according to scale. Principles that focus on Newtonian 
mechanics (momentum, inertia, etc.) for controlling dynamics are not use- 
ful at the nanoscale, where statistical mechanisms dominate [1]. The idea 
of using random thermal fluctuations to drive directed motion has its ori- 
gins in the visionary works of von Smoluchowski [2] and Feynman [3], 
but breakthroughs in the 1990s led to the invention of ratchet mechanisms 
[4] for rectifying the motion of Brownian particles. In the 2000s, it was 
demonstrated [5-7] that ratchet mechanisms could be used to control 
molecular structure and dynamics, imparting kinetic asymmetry [8] that 
drives chemical systems away from equilibrium. Increasingly, it is being 
recognized that these concepts can be applied widely in chemistry, not 


This is an open access article published by World Scientific Publishing Company. It is distributed 
under the terms of the Creative Commons Attribution-NonCommercial 4.0 (CC BY-NC) License. 


111 


112 D.A. Leigh 


only to the conformational changes of molecular machinery but also to 
other stochastic chemical exchange processes. 


From molecules to dynamic supramolecular systems 


Although ratchet mechanisms were originally invented to rectify the ran- 
dom motion of Brownian particles, their principles can be applied to other 
kinds of stochastic exchange processes. In short, these are the mechanisms 
that give chemistry direction, from molecular machines to reaction cycles 
to dissipative materials. Molecular ratchets are effectively chemical 
engines [9] in which the catalysis of “fuel” to “waste” is used to drive 
another chemical process, causing directional impetus in what otherwise 
would be chemical systems at equilibrium. For example, all biological 
pumps and motors are autonomous catalysts; they maintain the out-of- 
equilibrium conditions of the cell by harnessing the energy released from 
their catalytic decomposition of a chemical fuel [10] (typically ATP). 
Recently, an artificial autonomous chemically fuelled information ratchet 
was described that in the presence of a chemical fuel (2) continuously 
pumps molecular rings (3) from bulk solution onto a molecular axle (1; 
Fig. 1) [11]. 

There is nothing inherently special about the chemistry of mechani- 
cally interlocked molecules. They are bound by the same chemical princi- 
ples regarding conformational changes and transformations as any other 
molecular structure. It follows that Brownian ratchet mechanisms are also 
the means by which other molecular systems are driven away from equi- 
librium. We recently demonstrated [12] that a simple 26-atom biaryl 
compound (1-phenylpyrrole 2,2’-dicarboxylic acid) is a catalysis-driven 
motor [9] that continuously transduces energy from a chemical fuel [10] 
to induce repetitive 360? directional rotation of the two aromatic rings 
around the covalent single bond that connects them (Fig. 2). Upon treat- 
ment of the motor molecule with a carbodiimide fuel, intramolecular 
anhydride formation between the rings, and the anhydride's hydrolysis, 
both occur incessantly. Both the anhydride formation and hydrolysis reac- 
tions are directionally biased (they occur faster through particular rotam- 
ers of the biaryl system). In this way, catalysis of the hydration of the 
carbodiimide fuel by the motor continually drives net directional rotation 
of the rotor around the stator. The motor's remarkable simplicity may 
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Fig. 1. An artificial catalysis-driven molecular pump [11]. Continuous pumping of 
24-crown-8 rings (3) onto a molecular axle (1) in the presence of fuel (2) causes the rings 
to be dissipatively captured in the form of high energy [n]rotaxanes. Once all the fuel has 
been consumed, the rings dethread and the system returns to equilibrium. 
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Fig. 2. An artificial catalysis-driven molecular rotary motor [12]. Chemically powered 
rotation of the rotor (pyrrole-2-carbonyl) carbonyl (blue) past the 6-position (purple) of the 
stator (phenyl-2-carbonyl) is favoured in the acid form (IVD, whereas passing of the 
rotor carbonyl past the stator carbonyl is only possible in the tethered anhydride form 
(I=. The chiral (R,R) fuel kinetically favours anhydride formation III over IV III, 
whereas the chiral hydrolysis catalyst is chosen to kinetically favour IIIIV over III. 
Once all the fuel has been consumed, the aryl groups can no longer rotate past each other. 
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facilitate its interfacing with other components for the performance of 
work and tasks at the molecular level. 


Outlook 
Ratchet mechanisms are rapidly transforming the understanding and 
design of molecular systems — biological, chemical, and physical — 


moving away from the macroscopic analogies that dominated thinking 
regarding aspects of molecular dynamics (e.g., power strokes, and pis- 
tons) in the 1990s and 2000s to the scale-relevant concepts, insights, and 
designs that underpin out-of-equilibrium research in the molecular sci- 
ences today. It has established molecular nanotechnology as a research 
frontier for energy transduction and metabolism and has allowed for the 
reverse engineering of biomolecular machinery, delivering insights into 
how molecules “walk” and track-based synthesizers operate, how the 
acceleration of chemical reactions enables energy to be transduced by 
catalysts (such as motor proteins, and in the future by synthetic catalysts), 
and how dynamic (supra)molecular systems are driven away from equilib- 
rium through catalysis. The recognition of ratchet mechanisms in biologi- 
cal systems, and their invention in synthetic systems, is proving of 
ever-increasing significance in numerous areas, including supramolecular 
chemistry [13], systems chemistry [14], dynamic covalent chemistry [15], 
DNA nanotechnology [16], polymer science [17], materials science [18], 
molecular biology [19], and numerous other areas of nanoscience and 
nanotechnology. 

Put simply, Brownian ratchet mechanisms give chemistry direction. 
Kinetic asymmetry, the underlying principle behind ratchet mechanisms, 
is the dynamic counterpart of structural asymmetry (i.e., chirality). It will 
surely prove just as fundamentally important. 
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Ben Feringa: 

Welcome back everyone, my name is Ben Feringa as you know now, 
University of Groningen. So, we learned this afternoon a lot about dynam- 
ical systems and complex systems in a more general context. I would like 
to start with that. We heard that this is a problem, a challenge for us for 
the coming decades. At least, we think it is a challenge to go to more 
complex dynamic systems, that we have all these parameters that will 
influence how such a system will operate and going all the way from 
structure design to dynamics and to organization, length scales, time 
scales. Bert Meijer said ‘non-covalent synthesis’; we have to discover a 
whole new field. Do we have the tools available to do this, the methodol- 
ogy, the way we are going to handle that? That is my question to the panel 


This is an open access article published by World Scientific Publishing Company. It is distributed 
under the terms of the Creative Commons Attribution-NonCommercial 4.0 (CC BY-NC) License. 


117 


118 B. Feringa 


and maybe they want to react on it. Because we are all trained a bit in 
traditional chemistry with reactions and the kind of things we do cur- 
rently. Do we also need to develop new ways on how we think about it, 
how we measure things, how we do things, what are we missing? And so, 
to me sometimes (except maybe for the DNA that Andrew mentioned 
where the designing rules are probably more clear because they are 
already established for us by mother Nature), we explore them. But how 
to go from “trial and error” to a bit of design in this field? I would like to 
ask that and maybe then everybody can comment on it. We start the dis- 
cussion this way. Maybe I can start on the far left with Bert Meijer? 


Bert Meijer: 
Thank you very much. For design, I think it's very important what you 


want to design at the end and not just the molecular structure. And it 
depends also strongly on the application you have in mind. If you want to 
use materials that are used in your body or in tissue generation, it's a dif- 
ferent thing as if you want to go into energy or another material for 
mechanical properties. So, it's important to realize what the design should 
be. The point I wanted to make today in the talk is that, if you go to mul- 
ticomponent systems and bringing them together, and especially as in 
some of the aggregation phenomena there's a cooperativity involved, then 
there are tipping points in which suddenly things change completely. And 
before we understand this correctly: it is very difficult to design. Now, 
from the 20—30 years I am active in this field, I have come to the conclu- 
sion that: to find out the systems that work always in a good way and to 
understand how it goes, is difficult. There are many examples, also from 
our laboratory, that work well but that is a unique part. You can do it one 
or two times if you do it exactly according to that way. But then, there is 
another student coming and wants to reproduce it, and it doesn't go. And 
we have no clue where it comes from. Some of the assembly studies we 
do, are done perfectly, and then we buy a new bottle of a solvent, and it 
doesn't go anymore. And it is similar to catalysis, and it is similar to crys- 
tallization. But it is not, in the field of supramolecular chemistry, so much 
acknowledged, that that is a point as well. I think it is very important, 
before you come to design, to say what are actually the structures that you 
can use on a regular basis, where it always works. That's also the reason, 
probably, that DNA origami works nicely, because we know now how that 
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assembly process goes, at least that's what I think. In the artificial world, 
it is more difficult to find which ones are working very well. I can tell you 
that with supramolecular polymers, we have made a very simple one, with 
a quadruple hydrogen bonding unit, very simple to make, works always 
and I think, I don't know 20 — 50 laboratories around the world are making 
and using that molecule as well. So that's a robust system that always 
forms a bond with a certain strength and a certain dynamics. I think we 
need more of those and then you have to also have them available by 
Aldrich or whatever other compagnies, so you can make that progress. 
I am always a little bit jealous of those who are doing catalysis. Someone 
finds a new catalyst that works and about, I would say half a year later, 
you can buy it somewhere. And then people are using it, it is used by 
everyone in the world. In our field it is too much individual. Molecules are 
used by certain laboratories, you can't get them easily other than that you 
have to synthetize it completely. So, your motor should be available by, 
I don't know, Aldrich or by the Ben Feringa company or whatever com- 
pany so that everyone can use it. 


Ben Feringa: 
I am happy to hear this because, not about the motors, but the fact that you 


will have the ligands for instance, so you can buy 150 different ligands 
from Strem or from Aldrich or whatever. That you would have a collection 
of building blocks that people in supramolecular chemistry and systems 
chemistry would use to explore more. So that there are more rules sets, 
based on these building blocks like I think in catalysis or in synthesis etc. 


Omar Yaghi: 
I'm sort of put in this group, even though I don't consider myself a supra- 


molecular chemist. I have spent all my life linking molecules by covalent 
bonds, a strong bond, and there is no major reproducibility problem. Some 
of these things are made by BASF in multi-ton quantities, and also you can 
buy them from Aldrich. But what I really want to talk about is more a 
productive discussion about what we heard from our colleagues in supra- 
molecular chemistry, where they are designing systems that self-propel or 
are highly dynamic. What is needed is directionality and purpose. And 
what I was saying to my colleagues like Bert is that, to do that, you need 
reticular chemistry. And I don't mean that they should turn and come back 
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tomorrow and occupy my session. But what I mean is that I think you can 
get the best of both worlds by coupling the supramolecular onto that 
reticular grid. Imagine a system that they are working on or a molecule 
that is dynamic or whatsoever. By attaching that to a grid that, let's say, 
I make, you're attaching let's call it “heterogeneity onto order". And so 
now you have a complex order that you can potentially design to have 
molecules moving in a circuitry or in a direction in a purposeful way. You 
now can imagine a catalyst or a substrate, moving in a circuitry and visit- 
ing different catalysts along the way. Well, you need a grid for that. This 
thing needs to be moving on an otherwise ordered system, but itself could 
be highly disordered. I think that's where a lot of the systems that we 
heard could work a lot better. Otherwise, jokingly I said to Bert, otherwise 
you're making goo, and in noncovalent synthesis of goo and this stuff, 
using multi-step non covalency will produce even more goo. So, I think 
that, by superimposing this on a grid, these two areas are ideally suited to 
be coupled to produce beautiful systems. 


Ben Feringa: 
You are making life not easier for us because I heard from Bert, balance 


robustness versus responsive behavior and from you I hear now, balance 
order and disorder, but Nathalie probably has the answer. 


Nathalie Katsonis: 

One thing I can say about purpose and directionality in molecular systems 
is that if we look at concepts from the biological world, that's typically 
something that chirality brings, so that's probably something to look into: 
‘chirality at all scales’. And probably another thing is ratcheting mecha- 
nisms, that give directionality and purpose to systems of functioning 
molecules, in addition, of course, to other options. Now, to come back to 
Ben's question. So typically, movement is an emerging function that 
emerges in a very narrow parameter space, a narrow range of parameters. 
And in that sense, it's very difficult to design it. It's not actually a property 
that comes by design, but essentially a systemic property. And that's 
I think how the concept of systems chemistry emerged and probably sys- 
tems chemistry requires different tools than classical chemistry. One of 
the tools is automatization, so that we can vary a broad range of 
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parameters in parallel. And maybe also something that we need to con- 
sider is how to connect the molecular world to the macroscopic world. So 
we have techniques that characterize materials and techniques that char- 
acterize molecular structures but to characterize both worlds in a dynamic 
fashion is, I think, quite challenging. There are, I think, very exciting 
developments, not from me, but in the microscopy world at the moment, 
which, I think, will allow us to really move forward. And one last thing, I 
think also it is not a technique that we need but maybe a different mindset. 
Itis that traditionally we look at the chemical reactivity disjoined from the 
physical environment and if something we can learn from chemical evolu- 
tion is that, actually, chemical reactivity cannot be disjoined from the 
physical environment. It's something that we need to learn, really, to look 
at the chemical reactions and chemical reactivity in heterogeneous sys- 
tems. It's a good idea to start doing chemistry, not necessarily in solution, 
not in homogeneous systems, but we need to start thinking about hetero- 
geneous conditions and mixtures. 


Ben Feringa: 
Thanks very much. That wakes me up again to a point that was made this 


morning about the interface of heterogeneous and homogeneous catalysis, 
where for many years we were facing the same kind of issues and ques- 
tions, about heterogeneity versus homogeneity. Anyway, I go to my neigh- 
bour here, Nicolas. Do you want to make a comment on this design versus 
trial and errors and the faith of our field? 


Nicolas Giuseppone: 

Thank you, Ben. So first of all, I think that regarding the synthetic tools 
that we have at the moment in supramolecular chemistry: they are highly 
diverse, so we can do many things using non covalent bonds from ion 
pairing, from hydrogen bonds, from halogen bonds, or from Vanderwaals 
interactions. In addition to that, we have the toolbox using reversible cova- 
lent bonds which gave birth to dynamic covalent chemistry and dynamic 
combinatorial chemistry. So, we really have the power to create a lot of 
diversity under thermodynamic equilibrium and we are able to synthesize 
dynamic systems which are robust enough to be analysed for a given 
period of time, at least in certain conditions. So, for these we have the 
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toolbox for making dynamic supramolecular systems. We have also many 
analytic tools from the molecular scale up to the macroscopic one, as 
Nathalie said, I think we have a lot to learn from physicists, from soft 
matter, to analyse these systems. Particularly using scattering techniques 
or rheology aspects, etc. Then the directionality is important. I think we 
are only at the beginning of the control of the directionality at nanoscale 
with all these works on ratcheting mechanisms, which are quite complex 
and still difficult to harness. You have to create order from Brownian 
motion. This is not something that easy at that scale. But then we are 
going to enter in complex systems, so, for having complex systems we 
need multiplicity of interactions, we need multiplicity of compounds, and 
we need integration of these interactions. And there we come to very com- 
plex systems, mixtures, exchanging components, which become more 
difficult to analyse. So there are two things, maybe, we should concentrate 
also on function: which function can emerge from a complex system, so 
we can directly measure the function? The second point, I think, is that we 
have to be helped by theoreticians: how to design our complex system? It 
is not only a question of mixing components to extract an important func- 
tion. We need to know what theoretically could emerge from feedback 
loops, from a network of reactions and there’s a lot to learn from theoreti- 
cians on that aspect. And finally, if we want to push them out of equilib- 
rium, you need to inject energy and we need to find relays to transform 
this energy and fuel the system in an interesting way that can lead to non- 
linear behaviours. 


Ben Feringa: 

Thank you very much. For these functions that have to emerge, focus on 
there. That’s a very important message from your side. And ‘cooperation’, 
that’s also what I think of. 


Andrew Turberfield: 

So first a disclaimer: I'm a low temperature solid-state physicist by back- 
ground, so I’m not hampered by too much traditional chemical knowledge. 
In my field, designing very big and very complex stable structures is 
almost trivial. What we don't do very well at all is design the pathways 
by which they assemble, so designing for fully efficient assembly is 


Discussion Session 2 123 


something we're just beginning to explore. That's a big challenge. So 
when we, the community, show you in a cryo-electron micrograph, gor- 
geous, huge — I mean hundred nanometer dimension — assembled struc- 
tures, they have been selected. Those are the successes, the failures are 
stuck at the top of a gel in the well, and we cut them out and throw them 
away. So efficient assembly is a big challenge. Static structures are rela- 
tively straightforward, notwithstanding, dynamic systems are much harder. 
Because typically when we design complex interacting systems with many 
components, if we tweak one component we disrupt everything else. So 
we are developing a toolkit of methods, introducing base pairing defects, 
doing not entirely obvious things. But it is very hard to design rationally 
for dynamics and in fact the best tools we have, which are becoming 
extremely good, are computer simulations. So coarse-grained simulation is 
the way to go and really the only limitation on that is computing power. 
We can practically simulate assembled huge systems, but the dynamic 
behaviour of only very small ones. And, as you know, inevitably, these 
programs get more efficient and computing power grows, we will become 
more and more capable of designing our systems through the medium of 
simulation. So, just on directionality. You've got directionality in time, 
directionality in space. For directionality in time, you've got to dissipate 
energy. In our systems, generally that's done by catalysis and control of 
hybridization reactions. So, in fact, you're using the creation of base pairs 
as your energy source. That's very programmable, very controllable, very 
flexible. It's a wonderful system. It's a bit frustrating that we can't inter- 
face our system readily to small molecule reactions. We'd like them to go 
much, much faster, and to use small molecule fuels that you can have 
present in millimolar quantities rather than the micromolar that we typi- 
cally use for oligos, so that's a frustration. Directionality in space, that's 
something actually self-assembled systems made from DNA and RNA 
come with for free, so we can make a planar, reticular if you like, surface 
on which to build our systems. We can address every pixel on that system 
individually because they're all identified by different DNA sequences. So 
that's one of the aspects of the structures that we make, that's actually very 
rewarding. Every point on a 100 nanometer self-assembled DNA structure 
is individually addressable and we can make something walk around it. 
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Ben Feringa: 

Great, as you focused on the dynamics, I have an additional question for 
you. From a physics point of view, do we have enough tools to study in 
detail these dynamics? Nowadays, we have time resolved AFM, for 
instance, which helps us a lot, but there are other tools. Would you ever 
dream, that you say that or that would help us tremendously in this field? 


Andrew Turberfield: 

We have done time-resolved AFM. On the right system, it works wonder- 
fully well. AFM works beautifully on very planar systems, but as soon 
as you have got anything lumpy or three dimensional, then it works 
very badly. So really, what we would like is the equivalent of time 
resolved AFM that would work. There’s electron microscopy but, obvi- 
ously, every time you use that you're looking at a frozen, dead system. 
So yes, something, some tool for three-dimensional imaging, that will 
give you dynamics. We look at snapshots and that's all we do. And then, 
dynamics we get with very high time resolution by strapping fluoro- 
phores to our structures and using time-resolved FRET. But that gives 
you very limited information: it will tell you whether two particular 
points on your structure are approaching each other or are far apart, and 
it can give you that with very high time resolution. But really detailed 
three-dimensional structural information is very hard. 


Ben Feringa: 

Thank you very much. Okay, I want to go to the general discussion, but 
first I want to ask one more question. But as Kurt Wüthrich is our presi- 
dent, he is allowed to ask his question. 


Kurt Wüthrich: 

Are you suggesting that kinetic energy of stochastic Brownian motions is 
funnelled into directed kinetic energy, which is possibly even periodic? 
This is a fantastic idea. Are we going to solve the energy problem that way? 


Nicolas Giuseppone: 

So, what I claimed is that the kinetic asymmetry in these ratcheting 
systems can create directionality, but you need to furnish energy to the 
system to make it directional, you cannot have it for free. So because you 
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go against entropy doing that, you cannot solve the energetic problem. 
You will always need to furnish more energy to your system than what 
you will recover as an output of your system. There is dissipation, things 
like that, that enters into play. So I don't say that we are creating energy, 
we are creating directionality from energy. And then, this directionality 
can be transduced to other functions in a cascade of processes where you 
lose energy all the way. 


Kurt Wüthrich: 
Yes, but the energy is available. At 300 K we have high thermal energy 
that leads to the stochastic Brownian motions. 


Nicolas Giuseppone: 

You cannot extract directionality from one base of energy. You need the 
thermal energy plus another source of energy to bias the random thermal 
motion in one particular direction. Maybe Ben will correct me. 


Ben Feringa: 

Of course, in the systems that we studied, that we showed here and also 
you showed and Natalie and so, of course you put in either chemical 
energy or you put in photochemical energy. Energy from the light or from 
a chemical conversion. To make that possible, you have this extra energy 
to make it propulsing in a certain direction. 


Andrew Turberfield: 

Well as a physicist I’m forbidden from violating the second law of ther- 
modynamics. The only comment is that obviously, yes, we have external 
energy input. By playing with low energy chemical inputs, I think you 
have an opportunity to be very efficient. Blue photons are squandering 
energy, but low energy noncovalent reactions allow you to rectify 
Brownian motion in a very efficient manner. So that's some sort of 
response to the energy crisis. 


Kurt Wüthrich: 

So, would you only need to lower the temperature of the solvent in order 
to feed a lot of energy to your macromolecular system? There, I think, 
would be no problem with thermodynamics. 
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Andrew Turberfield: 
Only if your molecular system has one leg in your cold bath and one leg 
in the hot one. 


Nicolas Giuseppone: 
That's right. So if you can have a gradient of temperature at the scale of a 
molecular motor, yes, but it's difficult! 


Ben Feringa: 

I would like, before we go to the general discussion, ask one more ques- 
tion to each panel member here. That is a question I often get when I dis- 
cuss, either with chemists or also with more general scientists and the 
public: Why do we need molecular systems? 


Bert Meijer: 
All around us is molecular systems, everything that we use is a molecular 


system. Many molecules at the same time, if we go to the shower, if we 
eat, everything is a combination of molecules. And so far, the understand- 
ing of making these molecules together into their function and their prop- 
erty is based on trial and error. And I think that's the reason why we have 
to do this, especially that’s the part of the dynamics I’m interested in: to 
see how you can tune the dynamics, from robust and stable for as long as 
you want to have it stable, and having it dynamic in order to remove it 
when you want to remove it. And I think there's an enormous need but it's 
a material-oriented need, and therefore, it's everywhere. Everything that 
you use and buy is a molecular system, a combination of molecules and if 
you see how the messenger RNA vaccine is made by surfactants and mes- 
senger RNA, it's a beautiful way of doing, but it's also a bit of lucky that 
it works so well and we have to realize that only 8% of the messenger 
RNA in the cell is active and it can go to 100% if we know not only how 
to bring it there, but also how to get it released just at the right moment. 
And that means that molecular system that goes into the cell is responsive 
to the cell to deliver all the messenger RNA at the right moment. It's a 
very hot topic at the moment, but it's just an example. It's everywhere to 
get that control. 
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Omar Yaghi: 
I wasn't sure if you're asking about molecular or extended systems? 


Ben Feringa: 

No, I’m more asking about the system. And on the one side we have the most 
complex system, which is probably the cell, with all these functions which 
are more complex than the whole city of Brussels, I think. On the other side, 
we have simply hair shampoo that you use for washing your hair in the 
morning. Still, that’s a complex system and you look at all the components 
that work together there to do something that you get this nice hair, beautiful 
hair, etc. I mean it is amazing and when you talk with industry, people say to 
me, oh, yeah, we mix things together and we look at the properties and that's 
about it. No, that's not entirely true, but it's less complex than the cell, let's 
admit that. So, this is why I asked when you look at systems, there are dif- 
ferent graduations in what we call the system, but it's certainly not one single 
molecule. They are molecules that do things together. 


Omar Yaghi: 

I mean, I’m always surprised by the popularity of molecular chemistry. 
Because for the last 100 years, we've been working on molecules, but yet 
the world around us, including your own body, requires extended structures 
like bone structures, right? So, you can't build an airplane from just discrete 
molecules, from soft matter. I think there's a lot of examples around us that 
require us to think more about building structures that, well, first protect 
living systems, but also are used in many applications, not the least of which 
are transportation, computing, and things like that. ’'m not saying that mol- 
ecules are not important. I'm just saying that the other side of chemistry has 
been terribly neglected. And we are focusing a lot on molecules and soft 
systems, when in fact, as I mentioned earlier, if we think about extended 
systems, be it heterogeneous catalysts or alloys, they are absolutely neces- 
sary for the molecular world to operate in a way that would be productive. 


Ben Feringa: 
I'm happy to hear that. In my opinion it doesn't exclude each other but 


Bert wants to comment on this. 
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Bert Meijer: 
If you would bring all the molecules out of this room, what do you think 
will be left? 


Omar Yaghi: 
Wait, I want to be very clear. Everything is made of molecules, but they're 


not discrete molecules. Some of them are interacting through weak inter- 
actions some of them are interacting through covalent interactions, right? 
And the latter ones have been used to make extended systems, have been 
longer neglected, that's what I’m saying. 


Ben Feringa: 

Wait, guys, you'll get your chance in a moment, you see this is already 
very interesting and debatable. Nathalie, can you comment on this from 
your perspective? You work on systems. How would you convince the 
people that they should work on this? 


Nathalie Katsonis: 

I don't know how to convince them, but I think we need complex answers 
to complex questions. So of course, we need to look into complex systems 
and I think the key here is complexity. Let's say one concept, I think the 
idea is that instead of taking molecules separately, we want to make them 
work together in space and time so they can become more than the sum of 
their parts. And when we find a way to make molecules more than the sum 
of their parts, I think then we can do a lot of interesting things. But that 
line of thought didn't bring me that much money so far, so I don't recom- 
mend it particularly. 


Ben Feringa: 
Okay, to getting grants, that's another problem, we can discuss later. But 
okay, maybe Nicolas, you also want to say something? 


Nicolas Giuseppone: 

So why I believe it's interesting to go to systems is because we want 
chemical systems to be responsive, capable of sensing their environment, 
adapt and regulate. And I think for the regulation, you need to have many 
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interactions in well-organized networks of reactions or networks of inter- 
actions. This is what you see in living system, for allostery, what you see 
with negative or positive feedback loops, this is what regulates the cells 
for adapting to their environment and finally to evolve. Obviously in liv- 
ing systems you have also to add self-replication processes, etc. Hence if 
we are able to do that in artificial systems, it will be important for the 
stability of the network as a whole to be in a complex system. And I think 
that if we are able to build that from scratch with simpler molecules, we 
will understand aspects of the origin of life and also we will use these 
tools to make smarter and more active materials and in that sense, we will 
create new technologies. 


Ben Feringa: 
Thank you very much. Yes, Andrew. 


Andrew Turberfield: 

I'm a physicist, and my colleagues often want me to study simple, boring, 
periodic systems. I come from the opposite extreme, I ask myself, what 
could we do? Given that we can make things that move, can walk and 
move along the track directionally, can pick things up, can make them go, 
can you construct something by making a molecular machine tool, an 
assembler? Can you program it? Can you build something that you 
couldn't build otherwise? Can you make an autonomous agent that would 
actually be useful medically? Something that would sense within a par- 
ticular cell, decide whether to do something or not, and if it found a condi- 
tion, activate something that was therapeutic in nature. All of these things 
are challenges that you could only conceivably solve, address, not with 
one molecule but with a complex interacting system. So, complex 
dynamic systems are, obviously to me, where the interest lies. What are 
the limitations? I'm sure there are no limitations. It's just a question of 
time before we gain the capabilities to do all of these things. What can we 
do, how do we get there? 


Ben Feringa: 
Thank you very much. Nobody asked me but I fully agree with what was 


mentioned here. And I want to add where my excitement came, maybe 
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from a fundamental point of view and that is: we make all these materials, 
we know all these beautiful molecules and we enjoy that. And then sud- 
denly I realized: how to make things move? Because that is what life does, 
as Natalie mentioned already, how to repair itself, how to adapt itself, how 
to respond to input from outside and sense and adapt, etc? And when we 
made the first molecule that showed some controlled movement by energy 
input, and we made the first piece of plastic that we cut and then it 
repaired within 10 minutes, I got so excited that I thought there must be 
something in chemistry for the future there, you know. So, with that, 
I would like to open the general discussion. 


Peter Palese: 
A question for Doctor Yaghi. Is there any commercial product available 
already, which uses your molecular weaving technology at this point? 


Omar Yaghi: 
Not yet, but there is a couple of startups that are commercializing that 
technology. It's only five years old, since our discovery. 


Peter Palese: 
Can you give us a feeling? What can you say? What kind of direct applica- 
tions do you see coming first? 


Omar Yaghi: 
I think for the molecular weaving: it doesn't interfere with the way you 


make the material, the original material, let's say the advanced polymer 
or the structural material. It is just an additive and you're adding it at 196, 
2% or 3% maximum by weight. So, it basically does not interfere in 
the actual process. But, at the nano level, it is distributed throughout the 
material, and therefore it could then operate in terms of managing the 
stress on a material in the way I described. So structural materials, anti 
bulletproof vests, this kind of thing, anything that you can make: where 
usually with these materials, when you increase strength, you also 
increase the fracture ability of the material. But, with the weaving, 
you're able to combine strength with less fracture. And so, it just has, 
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I think, tremendous implication on materials. Needless to say: also 
tissues, bone. 


Ben Feringa: 
Okay, thank you. I think it's an important point. 


Chad Mirkin: 

So very interesting discussion. I was kind of surprised. To me, this field 
needs a couple of things. One is a good set of drivers. So, most of what 
I've heard, is of course, a part of any field, you know: what is possible? 
Can I make a motor? Is it possible to make a molecular machine, which is 
an interesting question? But then what do I do with it that ultimately peo- 
ple care about? How do I do it? And how do I use the tools that we cur- 
rently have? And one of the things that is of course very limiting in this 
area is soft matter in interface with the tools that were used to process hard 
matter. So, the semiconductor industry is probably that greatest example 
of one of the greatest engineering feats in all of time. And it is remarkable 
but it is not set up to work with soft matter. Well, in fact, most people will 
run if you'd move towards their fabs with soft matter. So how do you scale 
it down even further, right? Because you have to, if you really want to 
make use of many of these types of things. How do you address all of the 
individual structures? It's very different from seeing things walk on a 
sheet of DNA, having that sheet of DNA interfaced in a particular way, 
that I know right over here, one molecular process is occurring and over 
here, a different one is occurring, and I want those two at a specific posi- 
tion. We don't have tools that allow us to do that. So, it sure seems to me 
that if you're going to move this field forward, you're going to need to 
think about: what can I make that would show people this has a lot of 
legs? Because there's been a lot of kind of gee whiz type of things that 
have occurred, which again, that's not criticism, is a part of any field. But 
to take the next step, you really have to think, to do what I call ‘a Bob 
Letsinger experiment'. I used to work with my 84-year-old collaborator 
Bob Letsinger. He said: “Chad, let's assume everything works the way we 
think it's going to work. You know, was it worth doing? Can we actually 
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get to something that the world is going to care about?" I think it's worth 
doing that experiment now. 


Andrew Turberfield: 

I haven't mentioned it, because it's not dynamic as an application, but one 
of the things that is driving what we are trying to do at the moment is the 
idea of templating molecular electronics, so it is precisely the semicon- 
ductor industry beyond Moore's law. And one of the things that has held 
back the whole field of molecular electronics is that there's no good way 
of assembling molecular electronic components. And actually, the DNA 
self-assembly technology is just begging to be used for this. It's a way of 
positioning things in three dimensions in a programmed way. It is a bread- 
board, you lay things out in a three-dimensional fashion, and in fact, hav- 
ing got them in the right place, you then wire them up by forming covalent 
bonds between them, so templated chemistry. So that is a vision. It falls 
short of your requirement for a gee whiz driver, in an interesting way: if 
we could do it, it would replace the entire semiconductor industry. And if 
you look at the magnitude of that statement, you see the problem which is 
that the activation barrier to getting there, it's just far too high. And 
I would love it if someone told me what intermediate product we could 
aim to make, that would demonstrate that technology, without requiring 
us to replace, you know, a billion-dollar semiconductor fab. 


Chad Mirkin: 

It seems like you have to do the analysis he did, which was he made a 
similar issue with respect to CO, reduction or the Haber process, coming 
up with an electrocatalytic version of this. Pick something like the phar- 
maceutical industry where, again, you don't have such a big barrier. 
I agree with you, if you try to go head-to-head with the semiconductor 
industry, you're going to be knocking on a lot of doors with very few 
opening, right? 


Andrew Turberfield: 
Yes, I mean, that’s the problem I’m posing. I’m just not sure what that 
industry is. 
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Bert Meijer: 

Obviously, I'm not in that area of moving small objects. But I asked 
myself the question: if you compare non-covalent bonds and covalent 
bonds, when is the covalent bond good and when is the non-covalent bond 
good? In many applications of materials, we have too many covalent 
bonds that are so robust that they will stay there forever. And, with the 
knowledge that we now have about supramolecular chemistry, we can 
make molecules that are smaller, have more specific interactions that you 
can tune, in which the balance between covalent bonds and non-covalent 
is changing to more non-covalent, in which the dynamicity of their tem- 
porary use is much higher. So, for instance, our materials are used in tissue 
engineering, in human beings, because we can tune the mechanical prop- 
erties and the degradation independently of each other and, therefore, the 
body can take care of removing that material just at the moment that its 
role is taken over by the cells. I think that is also the same for what I had 
mentioned just before this. If you want to have debonding on demand, 
which is bond continuously, but if you want to get rid of that strong bond- 
ing, you have to tune the number of covalent bonds and non-covalent 
bonds. And with that, obviously, dynamic covalent bonding is also an 
option. The whole idea is that you build up three-dimensional material 
with better control over covalent and non-covalent bonds, this gets you 
that dynamic. And the same is, as was just mentioned, in the assembly 
process. My group is working for almost 35 years already on organic 
semiconductors. And one way of doing this, is to have full control over 
how the 7 system is organized in space and for that you need dynamics in 
order to get the structure fully formed, and then it has to be there as a 
material. That is a self-assembly organizing process that will be used and 
if you go to smaller, you have to do it with structures that are better 
defined than the ones that are used today. As an example, if you have a 
hole of let's say 20 nanometers and you want by directed self-assembly to 
make that a hole of one nanometer, you need an exactly discrete molecule 
to fill up that hole, because if that is diverse in length, every hole has a 
different composition. And assembly in confined space is a very compli- 
cated thing, you get all kinds of different structures. So, you need to have 
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at the right moment, the right chemical structure for a specific application 
and I fully agree with you, you need a specific application in order to tune 
the molecule and then you have to take care that the covalent bond/non- 
covalent bond ratio is just that what you need for that specific application. 
And that is new, because polymer chemists actually never did it other than 
nylons, in a way, and organic chemists were not very interested in materi- 
als. So that field where organic chemistry and materials chemists are com- 
ing together, is a field that has to do this trick. But it has nothing to do with 
moving objects. 


Yamuna Krishnan: 

I have a comment and a question to the panel. My comment is: I think it's 
very easy to say: what have your jivas done good to you? There have been 
a lot of ways of looking at DNA nanotechnology as like molecular gym- 
nastics, but I just want to say that it has given us strand displacement, 
which was the basis of hybridization chain reaction, which very recently 
-we've all just come through a pandemic- was used for making many 
COVID tests. So, let's not forget that. There's also DNA sequencing, 
which is also DNA nanotechnology, and that was used to pinpoint variants 
of concern that were popping up all across the world and saved many of 
our lives by informing travel policies. So, before we ask DNA nanotech- 
nology, what is your jivas trick? I think there have been a couple already. 
And so my comment to the panel is, actually, thank you so much for put- 
ting up those five questions. Because those five questions have remained 
for the past 20 years, when I started out in this field and moved on: how 
do we control, achieve extrinsic control of nucleation, aggregation, growth 
and movement in 1D, 2D, 3D and time? To some extent, we kind of try to 
maybe convince ourselves we have some control, but that's intrinsic con- 
trol by controlling the shape of the molecule or the composition of the 
molecule. If we look at how Nature is already achieving nuclear con- 
trolled nucleation, aggregation, growth, and all these things in an extrinsi- 
cally imposed way, we don't fully understand this yet, even by looking at 
biology. It's usually through multicomponent systems, and many of you 
have alluded to that, but I just wanted to understand how you see that 
interfacing happening between systems which give you some level of 
control but there is not much processivity and robustness, combined with 
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molecules that give you very nice reversibility but we don't have the level 
of control in 2D and 3D. I just want to see what your vision is. 


Bert Meijer: 
Thank you. A short answer actually with a back question. That is, there 


are many people here in catalysis: So why is there only one example of 
the Soai reaction? That's a complex molecular system, with EEs close to 
0.001 for the catalyst and it becomes 100%. Why is it not general? 
Something apparently we don't understand of a complex molecular sys- 
tem, or maybe someone knows why there are not more? 


David MacMillan: 

I think, maybe I’m answering the obvious here, but it's because obviously 
the product molecular structure influences the subsequent catalyst and so 
the chances of that happening, the probabilities of that happening are 
remote and that's why it happens at the level that it happens. It has hap- 
pened more than once, there's more than one example of it. 


Ben Feringa: 

I am happy that you bring this up, this multicomponent aspect, because in 
my experience, but the others can comment on it, if you bring several 
components together and you have to do this kind of hierarchical organi- 
zation and then you have also to do the dynamics you know, in adaptive 
etc., it is still extremely difficult to predict. Look at all our examples that 
were shown today. Still, a lot of it is based on well-defined components 
and I challenge everybody to tell me the design principles when you have 
more than three components for instance, or even more than two, you 
know, it's tough. 


Henry Snaith: 
It's fascinating, I’m an outsider to this field. It's fascinating seeing the 


complexity of these systems and what you're trying to control. And my 
question, related to some of the previous questions asked, but specifically 
with respect to the molecular motions or these active moving molecular 
machines: Is there an understanding of what you have to achieve? Sort of 
like a roadmap, let's say, towards being able to do something useful with 


136 B. Feringa 


them or having a key application? And are there applications that we think 
this would be useful for and has anyone got any idea on the timeline to get 
there? Maybe someone will say “yes, they are already present”. 


Ben Feringa: 

Thank you very much. This is a very important question that was asked to 
me many times and I’m sure Fraser Stoddart can give a much better 
answer to it, because he has very clear ideas there. But there is, I think, 
the roadmap, there are so many aspects to it. You know, it was mentioned 
already, directionality, translating for instance rotation into a translation. 
I showed examples of catalytic propulsion, using a chemical conversion 
but then using it to transport something, for instance, in and out of a cell, 
like biology does, or from point A to point B or using it for assembly in a 
direction manner. This is still a tough, tough one. Omar was mentioning 
the beautiful extended molecules he makes, which are these framework 
reticular materials. This could be a fantastic template for showing how 
you could transport things at nano or sub-microscales and I think this 
offers tremendous opportunity. So I'm really happy that we are here 
together with people from different angles coming together to see how we 
could do this. Because I cannot do this on my own. I need this kind of 
framework materials or surfaces, modified surfaces, etc... to do that. And, 
just to give you an example, you could build a trajectory, like in your 
muscle or in your body where the motors walk over the filaments, the 
actin filaments; build a trajectory where you balance the non-covalent 
interactions so that your molecules don't fly bananas everywhere but walk 
from A to B over a trajectory, keeping to the trajectory and then also trans- 
porting something and doing something. I mean, in the next 10 years, 
I would be extremely happy if my students would be able to accomplish 
that, because this is supramolecular chemistry par excellence, combined 
with either photochemistry or catalysis and balancing the interactions and 
then doing mechanical function. We have been working on it for a while, 
so we are still at a very early stage. On the other hand, looking at applica- 
tions, we have now the first examples where we have self-cleaning glasses 
and surfaces, because they are responsive, and they clean themselves. And 
also, as I mentioned, they're moving and you can move material on the 
surface, and so there will probably be applications in the next decades 
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where people will use maybe not our motors — they might be too expen- 
sive, but when you know the principles and you have seen Joanna 
Aizenberg (I showed that on purpose), she has fantastic surfaces where 
you can have this amplification of motion because she can structure sur- 
faces and then get synchronized motion etc. I think these kinds of materi- 
als, when I was in industry, I would keep an eye on that, because I think 
that will be the first application in my opinion. And many people will be 
happy if you don't have to wash your car anymore or your window. 


Joachim Sauer: 

I would like to make a general comment. So, if we would have to prove 
as a chemist that we understand something, a system, we have to be able 
to synthesize it. Otherwise, we don't understand it. So, I would see the 
value there. 


Ben Feringa: 

I'm happy you make this remark. I think it was already Richard Feynman 
many years ago that made similar remarks. I really appreciate that. 
Because, indeed, if we can design systems that have this kind of complex- 
ity and have functions, I think it will guide us in many aspects in the field 
of chemistry. That's my firm opinion. I'm not sure about the application, 
all the applications, etc. And certainly, yes, we have to think about that, 
but thanks for this remark, I appreciate it. 


Nathalie Katsonis: 

I just wanted to mention that I'm not convinced that the field needs a set 
of drivers to move forward. I think maybe a field needs conceptual inno- 
vation and strong concepts and sometimes the drivers are these concep- 
tual innovations. At least that is my feeling, so I wanted to mention that. 
And maybe something that has not been said and is maybe not super 
concrete, but molecular machines, biomolecular machines are usually 
used for anything our body does. And although that's not one specific 
application, I think that sets the stage for the potential of this approach. 
And on midterm and applicability basis, I would think about really 
neuromorphic materials, because we need these kinds of materials if we 
want to move forward with our technologies. And for learning and 
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neuromorphic materials, we need active repositioning strategies that 
operate at length scales that are intermediate between the molecule and 
the material. 


Makoto Fujita: 

So before going to a complex system I will simply discuss about the ter- 
minology. So to describe the dynamic motion or metastable kinetically 
driven structures, we often use ‘non-equilibrium’ or ‘out of equilibrium’. 
But I feel that this is not appropriate. Because, even if molecules are 
pumped up at their high energy states or if we kinetically trap the meta- 
stable structures, they always miraculously equilibrate up to the metasta- 
ble state. So, just regarding the dissipative structures, we can say that this 
is ‘non-equilibrium’ or ‘far from equilibrium’, but in a dynamic system, if 
molecules are trapped at a local minimum, molecules are equilibrated 
there. You don't agree? So, in my feeling, it's not appropriate to use ‘non- 
equilibrium’ or ‘out of equilibrium’ to describe this. 


Andrew Turberfield: 

It's a question of loose use of the word equilibrium. So, in true equilib- 
rium, yes, you would have molecules in your high energy state and they 
will be arriving at and departing from that state at exactly equal rates and 
nothing useful can be done with them. So they may be locally equili- 
brated, if you only look at the system very locally in space or in energy, 
or in a configuration space. But clearly, globally, if you step back and look 
at the system, the system is out of equilibrium, which is how it's driven to 
do something interesting. So I mean, strictly speaking, I think we're using 
the word ‘out of equilibrium’ correctly. I think you're using it correctly in 
a very limited sense, which is that if you restrict your view just in the 
vicinity of the molecule that you're looking at, maybe locally, yes, it is an 
equilibrium but globally not. 


Makoto Fujita: 

Also, are there any differences between ‘non-equilibrium’, ‘out of equi- 
librium’ and ‘far from equilibrium’? We need some clear definition for 
these terms. 
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Ben Feringa: 

Yes, I would agree with that, because there is a lot of discussion and there 
is a lot of use of these terminologies, maybe not at the correct manner. 
I agree with Andrew on this point when you look at the thermodynamics 
and kinetics of the system. But, definitely, we need maybe to clarify this, 
and to the community, maybe we should write a perspective on that to say: 
what are the correct uses of this, and where are we heading for? That's 
maybe an important message, here, for all of us. 


Andrew Turberfield: 

It's a bit like the word symmetry. I mean, strictly speaking, something is 
either symmetric or it isn't. There is no close symmetry, I mean symmetry 
is absolute, is mathematical. And I think the same is true of equilibrium. You 
can always retreat to absolute rigor. Equilibrium goes with the principle of 
detailed balance and if you haven't got that then you haven't got equilibrium. 


Jack Szostak: 

So a question and maybe a challenge, primarily for Andrew, but maybe for 
other members of the panel. You have shown us very impressive, extended, 
well defined but static structures, and I would be interested in the question 
whether you could make something like a cytoskeleton that is extremely 
dynamic and controlled out of nucleic acids instead of out of proteins. 
What do you think is needed to get to that goal? 


Andrew Turberfield: 

We can. When I say *we', I mean the field. It depends on what length scale 
you're talking. We're okay on a length scale of 100 nanometers, and 
maybe up to a micron; bigger than that we don't do very well at all. We 
can actuate single hinges on that length scale, I mean, if we try. But, 
slowly, we could sort of diffuse in signal molecules which could make 
things bend and unbend. So we can do something, but it's crude. We could 
make the cytoskeleton for something of the size of E. coli and we could 
actuate it, but not with a very great degree of local control. Certainly not 
with rapid control. And we could do that now. The question is precisely 
what challenge you're setting for us. 
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Jack Szostak: 

Well, thinking about early stages in the evolution of life, you would want 
something that would help to control cell division for example. And 
I think that probably evolved with RNA machinery, but it would be nice 
to see a demonstration, something dynamic in the lab. 


Andrew Turberfield: 

I don't think that's totally impossible. I think knowing what we know now, 
we could give that a good go. But the signalling, I mean the energy input, 
would be crude and slow. We couldn't power that with a small molecule 
reaction. We could power it with strand displacement reactions. 


Jack Szostak: 


So the challenge is bringing in chemical energy into the system. 


Ben Feringa: 
Now I have a question to you, and maybe I should ask this question at 


your session. But why should we be then limited to these few molecules 
that Mother Nature uses, because we have unlimited possibilities. You 
have seen already examples in this field of supramolecular. So why should 
we design it based on an artificial molecule? 


Jack Szostak: 

I totally agree. There are several people in the field trying to develop 
genetic polymers out of completely different molecules and if you could 
build other parts of a synthetic cell that way, that would be great. But at 
least we know that somehow life got started using things like RNA. 
Maybe it's an easier challenge. 


Ben Feringa: 
But there could have been other try-outs, no? 


Jack Szostak: 
I doubt it. 


Ben Feringa: 
You doubt it? Okay, we will discuss this later. 
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Bert Meijer: 
It's a very good question, but I like to see it from the extra-cellular matrix. 


There's a journey ongoing to make a substitute for matrigel in order to go 
to stem cells out of organoids. That is a journey that started something like 
20 years ago and the progress is slow, but they are coming closer and 
closer to materials that really grow the stem cells into small organoids by 
totally artificial ways. But I have to be careful because it still has oligo- 
peptides that are synthesized and put into it, but it is coming closer and 
closer to that and that would be a huge advantage because that matrigel is 
always inhomogeneous, every time is different and all of the cell biolo- 
gists would love to have this on a large scale. The progress has been enor- 
mous the last couple of years. It is not inside the cell but outside the cell, 
but it may be equally important. 


John Sutherland: 

So, a question to the panel is: How would you build in evolvability, in 
particular evolvability using phenotype/genotype linkage? If you can do 
that, you can recapitulate biologists’ greatest trick, which is systematic 
variation and finding the best solution. 


Ben Feringa: 
I am not a cell biologist, but I have colleagues here that are more knowl- 


edgeable in that field than I. 


Andrew Turberfield: 

I am not sure I’m here to give that sort of answer. One application that 
I really do think is worthwhile pursuing is the synthetic ribosome angle. 
The idea there is to make some sort of crude molecular machinery out of 
DNA or whatever comes to hand, I don't care, that is genetically pro- 
grammed to again pick monomers from a pool labelled with a bit of DNA, 
which is the analogue of a tRNA. So the vision is that you have a soup of 
monomers for real organic chemistry. Each one is covalently attached to 
an oligo, which identifies it. Our crude molecular machinery will be pro- 
grammed by a synthetic gene, with codons that aren't triplets, they're 
probably 10-mers or whatever. It has our own structure, our own format, 
but the instruction tape, the gene, tells the machinery in which sequence 
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to concatenate these monomers to make an oligomer. And if we can make 
a 10-mer, that’s probably good enough, out of 10 components. So, if you 
can do that, you can make huge libraries of totally unbiological oligomers 
with synthetic backbone linkages and totally non-natural side chains. And 
in that vast chemical space, which has never been looked at, there must be 
drugs and catalysts and other useful things. If you can do that, you can do 
evolution, because you can cut, recombine, mutate our synthetic genes. 
Having discovered something halfway useful, you can recapitulate the 
synthesis and do it better. 


Ben Feringa: 

And maybe I add one aspect to this discussion. Now, maybe I’m not in the 
genotype or phenotype business, but what we did, for instance, is we put 
our rotary motors as a mono layer on surfaces and then we grow stem cells 
on it. Stem cells are very sensitive to mechanical force and using these 
stem cells, we could control, using these rotary motors autonomously, 
powered by light, we could use the outgrowth of stem cells and the dif- 
ferentiation, to some extent. And at the level of the DNA, at the level of 
the protein expression and the anchoring to the surface, it affected the 
stem cells and depending on the rotary motion, you could differentiate 
stem cells. This is the stage where we are now. So, there are different 
options, I think, in this in this field. 


Kurt Wüthrich: 

I'm curious to hear from Andrew, whether he sees relations between his 
work on nucleic acids and DNA libraries, which have a big impact already 
in many areas of chemistry. 


Andrew Turberfield: 
I'm not sure what you mean by “DNA libraries". Are they these combina- 
torial libraries of small molecules, DNA encoded? 


Kurt Wiithrich: 
Yes. 
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Andrew Turberfield: 

Right, so the answer I just gave to John Sutherland was related to that. So 
yes, our projects, our aim to create a system which works as a synthetic 
ribosome is related to the idea of a DNA encoded library. It's a special 
case, because it's based on molecular machinery reading a program or 
reading a gene and synthesizing the corresponding molecule. It has the 
additional property that you can do exactly what John asked us to do, 
which is to evolve. So rather than just have a static library of interesting 
things, which are identifiable through the attached DNA, if you have a 
genotype-phenotype relationship, if the label actually codes for the syn- 
thesis of the product that is labelled, then by mutating or playing around 
with the gene, with a label, you can change the product. And what that 
means is that you can do exactly evolution, you can first create a library 
of 10" products and select two things from that, that might be interesting. 
Take their genomes, recombine them with themselves and with all sorts of 
other rubbish you happen to have selected at the same time and you can 
begin to do exactly what biology does, which is to evolve. So yes, I mean 
that the synthetic ribosome project that I described is a special case, but a 
very powerful case of a DNA encoded library. Does that make sense? 


Kurt Wüthrich: 
Well, I mean, synthetic DNA libraries have already a big impact, and I'm 
sort of surprised that you're not more directly involved with your work. 


Andrew Turberfield: 

Well, I came at the subject from a different angle. I’m not a chemist by 
background. I’m more interested in mechanisms than educated in chemis- 
try, which is why I’m doing what I’m doing. 


Daniel Nocera: 

I want to return to one of your questions about tools. So when I went to 
graduate school, I had to read out Hertzberg and I used to do Franck- 
Condon analysis just to figure out what my excited state looked like with 
the photon. Now my students just write a proposal to the advanced light 
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source, they bring the molecule, they use the LASER and they actually 
just get the structure of the excited state. And right now, science is on 
a nexus with these light sources. So Argonne National Lab and Simon 
Billinge at Columbia, with the power of computing, they can accelerate 
Monte Carlo and then with the light source and time resolution, they're 
almost on the verge of getting structures of molecules in solution, dynami- 
cally. Have any of you tried yet, to PDF with an advanced light source to 
actually get the structures of the dynamic system? 


Ben Feringa: 
From my own perspective, from our library of motors, yes, we have done 


it. So far, we do femtosecond LASER spectroscopy to look at this. But 
indeed, the combination now of the modern, theoretical methods to work 
on the excited state energy profiles and the landscape, and at the different 
pathways, etc. together with these laser techniques, you can do amazing 
things. So recently we submitted a paper, or it is accepted now, where we 
have boosted the quantum efficiency to 7096 by simply doing exactly 
what you say, using these theoretical methods to tune our excited state 
profile and to get away from dissipative pathways, etc. So, I think there is 
a lot to be gained there if we revisit the energy landscapes, and probably 
maybe David wants to comment on this, also for catalysis, you know, for 
the redox catalysis, etc. There must be still tremendous opportunities 
there. 


Daniel Nocera: 

I guess the thing I was also referring to was with PDE, pair distributional 
functional analysis, they are literally able to put molecules in solution, 
they are basically getting the X-ray structure of the molecule in solution. 
It seems like this field could really benefit from basically getting struc- 
tures of molecules in solution, and this is literally due to this computing 
power and the intensity of the light sources for scattering. 


Ben Feringa: 
I'm happy that you mentioned it. I think there are tremendous opportuni- 


ties indeed. 
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Clare Grey: 

Just a comment, talking about the PDF, that gets so complicated so 
quickly. I mean, I am aware of Simon Billinges work, but I agree with you 
that if you have a light as a trigger to change a conformation, then if you 
look back at to say the work of Phil Coppens or others, then you start to 
be able to look at differences and then it becomes interesting. So I think, 
it’s an area where there's more to do. I’m not sure in its current state, but 
I agree that in general, yes. 


Daniel Nocera: 
That's on the verge, clearly. And I think with some of these very well- 
defined molecular motions and motors. 


Clare Grey: 
Well, some of Omar's systems where there's more periodicity. 


Daniel Nocera: 

I don't want too much periodicity. I mean, that's where the power is com- 
ing out. It's literally without the need for periodicity. Some of this hasn't 
been published, some has, the beginnings of it, but they are literally get- 
ting structures of molecules in solution. 


Ben Feringa: 
I would love to see it, yes. This is great. 


David McMillan: 

I was just interested in a slightly different tangent and maybe this is a bor- 
ing question, but I was interested from the panel to sort of talk about, 
aspirationally: What do you imagine or think about? What will be the 
things that you could achieve, and you think is realistic to achieve within 
five years? And to pursue this is, number one: I always think it's difficult 
when I see a supramolecular talk because there's a lot of aspirational com- 
ponents, which I love, I can't tell the timeframe. So I'd love to sort of hear 
what you think about the next five years. And the second part is a quick 
Bob Grubbs story. I once saw Bob Grubbs being interviewed and the 
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interviewer asked him: “What will you be doing five years from now?” 
and he said: “well, if I knew that, I'd be doing it now". 


Ben Feringa: 
This is a great question, Dave, so maybe I ask every panel member what 
their aspiration is, what their dream is. Let's start with Bert. 


Bert Meijer: 
So, our materials are now in the last clinical phase, and I hope they will 


really be used in human beings in the coming five years, based on supra- 
molecular materials. And the other one that I really hope is if there is a 
way to use spin-controlled chemistry by using chiral electrodes. Not say- 
ing that it will be useful, but I don't know whether that's true or not true, 
or it will not work at all. 


Ben Feringa: 
Thanks, Bert. 


Omar Yaghi: 
I would say that, again, I encourage the supramolecular to combine with 


the periodicity, so if you do that, I would say that the opportunities are 
endless in terms of systems. First, they can sort molecules very well, 
because they can design complexity and when that complexity is super- 
imposed on the periodicity, it gives it structure and control in the metrics 
of that structure. And also control of the ratio of those supramolecular 
elements and their distribution on the grid. So once that system is able, 
let's say, to fold, let's say turn from a sheet into a pipe or any other shape, 
I would say that's possible within five years to have a system that can 
sort molecules. I don't want to say a system that has a circuitry as I 
described before, but I think that's more complicated. I think directional- 
ity and where the substrate is going is quite doable. I mean, ideally, I 
would love to have a crystal that is made from, let's say, a MOF or a COF 
onto which you have in the pores superimposed a supramolecular ensem- 
ble that then can separate air into different components and so oxygen 
goes along that pore, nitrogen goes along this pore and water or CO, 
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comes out of the third pore. I think that this is not out of the realm of 
possibility. 


Nathalie Katsonis: 

A PhD in the Netherlands is four years. In five years, I hope I have edu- 
cated good chemistry students. If I do that, P’ m already happy. Sciencewise, 
I hope I understand better the origin of purposeful movement in chemical 
systems. 


Nicolas Giuseppone: 
I agree, maybe the field is a bit curiosity-driven at the moment with no 
clear applications and it is important to make something that we cannot 


make by other means, to prove it is technologically relevant. So, for appli- 
cations, I think there is room for making artificial muscles for soft robotics 
so it is clearly an advantage from the forces that we can generate from 
these machines and the weight of the muscles we can create, so we can 
reach probably high force/weight ratio, this is predicted by physicists. 
I think we are not that far from there. We need also to avoid the production 
of waste so we need also some sustainability in the production of motion. 
So maybe this is related to the first session of this morning. The second 
example I would give is the creation of gradients of ions or molecules 
between compartments by pumping with a molecular machine. I think we 
are not that far from doing that and such a pumping/storage of energy is 
interesting for many potential applications. 


Ben Feringa: 
Thank you very much. 


Andrew Turberfield: 

So, a PhD or a DPhil in the UK is three years, and I am, if you ask my 
students, remarkably poor at predicting what they can achieve in three 
years. But on five years, I reckon we will have wired up and measured, 
probably at low temperature, a molecular electronic device, not a very 
sophisticated one. I think we will have printed a pattern on a surface using 
directed motion of a write-head and the pattern will have nothing to do 
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with DNA by the time we have finished. It will be proper chemistry on the 
surface. And I think we will have made a genetically programmed 10-mer 
from a soup of possible building blocks. 


Ben Feringa: 
Thank you very much. And I should challenge the whole committee, 
I suppose, I can also give my dreams. I gave already one, that is to move 
autonomously over a trajectory, not covalently but supramolecularly, from 
A to B, hopefully 20 nanometers or so on a filament, or whatever, maybe 
the kind of structures that Omar makes. And we made already a motor 
MOF, by the way, where we have the motors as the pillars in the MOF and 
so control transport, that is one of the other. We will team up to control 
transport, that you can select which molecules will pass through such 
porous materials, as active membranes. The other dream is to see how we 
can make responsive drugs and I put a lot of effort in that now. We build 
in these tiny machines into drugs, and we were able, lately, to influence 
the communication between bacteria. Because bacteria communicate with 
each other to make biofilms and this is really important for the medical 
field and for the implants and whatever, etc. And recently, we were also 
able, together with Japanese colleagues, to change the circadian clock in 
cells, reversibly by four hours. I don't know about your jetlag, it will not 
be applied to human beings yet, but I think in about 10-20 years from now. 
So these are my kind of dreams. And my third dream, that I would like to 
realize: we made already one type of catalyst, an adaptive catalyst that 
would change and could do sequentially a number of steps. So my dream 
is a bit to program such a molecule to do a sequence of steps because the 
catalyst itself adapts and can do step A, step B, step C. That is a bit of a 
dream, don't ask me exactly how to do it, but this is what I’m dreaming. 
And this is actually the last question I wanted to ask, because I think 
we have to finish sometime. There are people from the biology field and 
we heard already some challenges from the biology field, but I challenge 
you to ask, to give us a message: what should we learn from the most 
complex system which is a cell, or from biology? What is something that 
we have not discussed and that you would say, please community, take 
this in your luggage back home and think about it? 
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Sabine Flitsch: 

I was wondering about compartmentalization. If you look at life, you have 
cells, you have membranes, you can compartmentalize things, you can use 
membranes as surfaces and so on and I think you can maybe incorporate 
that into your systems. I am thinking of Hagen Baileys, cells and so on. If 
you combine your motors with that sort of system, I wonder whether that 
would give you some better control as well. It looks more complicated, 
but it might give you better control. 


Ben Feringa: 
Fantastic that you bring this up, because I think it was mentioned by a 


couple of people here before in their talks: compartmentalization, and 
then also dynamic compartmentalization, adaptive, that's what you see in 
cells all the time. I don't know maybe there are other suggestions? 


Donald Hilvert: 

My comment goes in the same line as Sabine. In biology, these partition- 
ing events, controlled partitioning events, are really, really important. And 
it seems to me it would be directly relevant to understanding how these 
biological condensates form and what their role might be, and maybe one 
can even learn how to exploit them in new ways. 


Ben Feringa: 
Thank you so much. 


Andrew Fire: 

As a biologist who's lived through the last three years, one thing that would 
be wonderful would be to have a ‘semi-solid’ media that would in the pres- 
ence of a defined and highly organized structure, a.k.a. a Coronavirus, 
form a macroscopic visible change, a singularity that would be visible. So 
we would be able to quickly visualize the presence in our environment of 
microscopic particles, with a high degree of organization, so it should 
allow all of these structures to form. That would be a huge game changer 
in both real-time medical diagnostics and in keeping the world going dur- 
ing pandemics. So, I'll thank you in advance for doing that. 
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Ben Feringa: 
We work on it. Maybe it will take a bit of time before we do that. 


James Liao: 

If you want to take this in the biological area, I think the most important 
thing is what we just talked about, the relationship between the genotype 
and phenotype that allows it to become evolvable. And I think there are a 
few people who talk about it. Particularly Andrew, to address this issue a 
little bit I was wondering: What is your idea to encode this information 
into whatever you call the artificial ribosome or whatever genetic code 
of this synthetic steps? Is there any idea what they're up to now, any 
imagination? 


Andrew Turberfield: 

Sure! So, most synthetic machinery made out of DNA, which by biologi- 
cal standards is very crude, is driven by DNA strand displacement reac- 
tions. So, what initiates such a reaction is simply an invading strand of 
DNA, which is slightly different from one that it displaces, and these 
strands carry information. So, I showed you in my 10 minutes talk an 
example of a DNA computation, or a system for computation, which is 
driven by a cascade of such strand displacement reactions. You can use a 
cascade of strand displacement reactions to read the information carried 
by a synthetic gene, which is just a concatenation of codons which speci- 
fies the sequence in which you wish to do your synthesis, to reveal them 
in sequence, for example, and allow them to recruit from solution comple- 
mentary sequences which are attached to the building blocks or the mono- 
mers that you wish to or to join to your growing polymer chain. So, you 
know, it's all based on the idea of DNA templated synthesis, which is the 
promotion of reaction by forcing proximity between reactants, by bring- 
ing them close together using attached DNA handles, which are the ana- 
logues of tRNA. So yes, it's a strand displacement cascade, and sequential 
programmed interaction with the bits of DNA attached and labelling the 
reactants in solution. 


Ben Feringa: 
Thank you so much. I look around the table if there are not any urgent 
questions. Of course, we can continue the discussion, but then I think we 
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do that in the presence of the fruits of biology. Oh, we leave at 6:10pm, 
then it's time to stop. I would like to conclude here. We had already pre- 
sented, all our presenters here, a lot of challenges and questions, but I get 
the feeling that we have a lot more challenges and questions, and you 
challenged us a lot. Thank you so much, everybody for the contributions 
to the discussions, all the speakers here, etc. I hope you enjoyed the after- 
noon session as much as I did. And we look very much forward to the rest 
of the week. We will continue on some of these issues, I’m sure, and we 
look forward to a nice reception tonight. Now I give the floor to our 
president. 


Kurt Wüthrich: 
I have nothing more to say. Thank you for doing a great job. 
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The societal problems we face today in climate change, clean energy, clean 
air, clean water, food, and health impact everyone on our planet. Solutions 
to these will require innovations in materials to bring about a more sustain- 
able and resilient future. Some progress in understanding the basic science 
underlying these problems is being made and it is beginning to drive the 
invention and discovery of new materials. However, currently, there is a gap 
between the materials we require and our ability to realize them. This is 
largely attributed to the fact that traditionally making extended chemical 
structures has been a trial-and-error activity with very little design 
expressed on the outcome of solid-state synthesis. This changed with the 
emergence of reticular chemistry, defined as the chemistry of linking 
molecular building blocks by strong bonds to make extended structures. As 
elaborated in the following, this new chemistry laid the foundations for 
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making atomically precise structures, which also could be chemically 
modified by design. The extension of reticular chemistry to linking nano- 
particles and biological molecules further widened the complexity and 
scope of the building blocks amenable to reticulation, thereby ushering in 
a new era in making new materials where the chemists’ dream around the 
idea that *if you think it, you can make it' becomes a reality (see Fig. 1). 
Challenges also exist in the characterization of such extended struc- 
tures when single crystalline samples are not accessible. Diffraction tech- 
niques have evolved to provide means of determining the chemical 
connectivity of crystals in the nano-size regime. I wish to remark that even 
after addressing the design, synthesis, and characterization challenges, the 
study of material properties is only the first step in determining the suit- 
ability of the material for a target application. It is becoming increasingly 
important that we as chemists must integrate into our research what might 
be termed the innovation cycle. This is the fundamental research that goes 
into not just molecules linked into materials but also materials from fac- 
tors and their integration into systems (i.e., the innovation cycle of mole- 
cule to material to engineering to system to society). These require 
expanding our knowledge beyond molecules and materials to encompass 
basic engineering principles. Since the materials we make can be designed 
with precision, the study of the various parts of the innovation cycle pro- 
vides a feedback loop between the molecular properties and system per- 
formance. It is worth noting that intensive research into each component 
of the innovation cycle has been carried out, but the science and engineer- 
ing required for integrating these a priori remain underdeveloped. 
Attaining the knowledge to execute the innovation cycle in an orches- 
trated and correlated fashion and the speed in implementing it for new 
materials and applications will significantly speed up discovery and 
thereby scale impact. We suggest that computation including artificial 
intelligence and machine learning will be critical to achieving these objec- 
tives, and without a meaningful coupling of the innovation cycle to mod- 
ern computational tools, we will not capitalize on the potential the 
building block approach brings to the discovery of materials and their 
properties at the peril of society. Reticular chemistry's logical approach 
involving the use of molecular or nano-sized building blocks is ideally 
suited for extending chemistry to engineering and computer science to 
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Fig. 1. Clockwise starting at 11 o'clock: Makoto Fuijita’s large cage, Todd Yeate's pro- 
tein cage, Chad Mirkin's nanocrystal assemblages, Joachim Sauer's accurate computations 
and prediction, Arne Thomas' silicon-based organic framework, Xiaodong Zou's advanced 
electron diffraction techniques for nanocrystals, and center is Omar Yaghi's metal-organic 
framework. This collage illustrates the establishment of the building block approach to the 
synthesis of new materials and the evolving important role of computation and diffraction 
techniques in illuminating this chemistry. 


effectively solve societal problems. This background provides the context 
for the presentations to be given at our symposium titled “Reticular 
Chemistry and New Materials" at the 100th Anniversary of the Solvay 
Conference. The focus here will be on the basic ideas of reticulating 
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crystalline extended chemical structures incorporating molecules, nano- 
particles, and proteins as building blocks. 

Every extended structure can be divided into linkers and nodes. The 
linkers join two chemical entities together (2-connected) and the node is 
3 or more connected. The compositions of these can vary widely from 
simple to complex molecules, nanocrystals, and proteins. When such 
building blocks are linked together, the point at which they join is called 
the linkage. This is the 'glue' that allows the building blocks to stay 
together in the resulting extended structure. Such building blocks are nec- 
essarily large chemical entities to allow for the expression of directionality 
and therefore design. This inevitably leads to open structures, an aspect 
that has led to ultra-porous crystals and consequently many applications 
in the fields stated at the outset. 

When geometric building blocks are reticulated, an important ques- 
tion arises pertaining to which structure among the almost infinite number 
of possible structures would result from the synthesis. A working hypoth- 
esis has been that if the building blocks are highly symmetric, it is the 
most symmetric structures which would result from the synthesis. Thus, 
for each combination of building block geometries, a few structures 
would be considered as reasonable targets. As the building blocks become 
progressively less symmetric, the possibilities are vastly increased. 
Presently, most structures made in reticular chemistry belong to those 
listed in Table 1. 

Diversity in this chemistry is achieved by varying the building block 
geometries, composition, size, and connectivity. Further diversification 
comes from the linkage variation and addition of functional groups to 
decorate the interior of the resulting structures. When multiple metal ions 
or functional organic groups (variants) are incorporated into a specific 
structure, the diversity space increases exponentially. Although the nature 
of the functional groups or metal ions and their ratios in the structure are 
known, their spatial arrangements are unknown. However, the heterogene- 
ous arrangements of these variants give a chemical-rich environment 
capable of operating better than the sum of the parts. This scenario is 
conceptually related to DNA, where the nucleotides are superimposed and 
covalently linked to a repeating backbone: the variants in the reticulated 
structure are also bound to the ordered backbone to give sequences of 


Reticular Chemistry and New Materials 159 


Table 1. Tabulation of the resulting structures from the combination of geometric build- 
ing units. Unfilled squares indicate no chemical structures have been made for those 
geometries. This applies to networks of molecules, nanocrystals and proteins. 


Building 
unit 1 


alw, bix, cor, ing, 
spl, toc 


iceq, dag, fmz, hwx,| 
moo, sab, sit, ydq 
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variants running along the entire crystal structure. This ‘complex order’ is 
the basis of a whole new and extensive chemical space, whereby the 
reticulated structure properties are no longer discrete states, but in fact, 
they are represented on a continuum of states. The implications of com- 
plex order of this type are that substrates can sample many different 
microchemical environments to be bound and/or transformed. 

In all these systems (synthetic and biological), the space encompassed 
by the reticulated structure is useful in selective binding and storage of 
guest molecules, such as hydrogen, carbon dioxide, water, organics, and 
drug molecules. It has also been used for catalysis and installment of 
molecular machines. Given the precision with which structures can be 
reticulated, the extensive diversity of this chemical space and the new 
powerful computational tools, it is not inconceivable that we will be able 
to design new materials representing concept transfer from biology, spe- 
cifically, materials capable of multiple functions and those that can oper- 
ate in parallel and in sequence, materials constructed from compartments 
that are open to each other, yet operate independently or synergistically, 
and materials programmed to sort and count molecules. 
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Learning from nature to create catalytic materials 
and the present state of research on reticular 
chemistry 


Nature has created fascinating materials whose structures are precisely 
controlled over several scales of length. Furthermore, nature has devel- 
oped catalysts that dwarf all human-made catalysts, not only in terms of 
activity and selectivity but also function under ambient conditions and 
without harmful or toxic substances, solvents, or reagents. For chemists 
that want to develop materials for catalysis, nature has thus created a blue- 
print that can be used in terms of design, structural control, precision, and 
sustainability. 

However, despite the great advances that chemistry has made in recent 
decades, our synthetic capabilities are far from sufficient to even come close 
to the perfection of nature's synthetic toolbox — in fact, nature's advantage 
of having several billion years of time to optimize materials and catalysts 
can discourage anyone who tries to approach such systems synthetically. 

However, that doesn't mean we can't draw inspiration from natural 
materials and catalysts, especially when it comes to the chemistry of 
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different components within them. Be it the interplay of nano- and micro- 
structured inorganic crystallites with a soft polymer matrix in biomaterials 
or of metal cofactors and protein shells in enzymes — the optimized 
mutual interaction of different functional units in such materials and 
molecular assemblies ultimately leads to their outstanding properties. 

Reticular chemistry is a promise to create novel materials with 
unprecedented structural control [1]. By linking molecular building 
blocks via strong covalent bonds to crystalline open scaffold materials, 
our synthetic toolbox has expanded significantly to create materials with 
an unprecedented level of control over chemistry, structure, and porosity 
at the molecular level, thus bringing us one step closer to the functionality 
of natural materials. 

While simple molecular building blocks were initially used, primarily 
to build new structures and topologies without decisive functions, recent 
years of progress in reticular chemistry has increasingly focused on incor- 
porating molecular building blocks with a wide variety of functions into 
open framework structures, thus creating novel materials that could be 
used in a number of applications [2]. This includes materials for energy 
storage or conversion, for the purification of drinking water, for the sepa- 
ration of gas mixtures, or for catalysis, i.e., for all areas that are of the 
highest relevance for the sustainable development of our society. 

Materials produced via reticular chemistry will therefore play an 
important role in solving the Chemistry Challenges of the 21st century. 


Our research contributions to reticular chemistry and 
new materials 


Our group deals with the synthesis and application of nanostructured 
materials, with a special focus on the production of porous functional 
materials for catalytic applications. We try to push the boundaries of the 
traditional disciplines of chemistry and materials science by working on 
inorganic and organic materials, as well as hybrid materials and devel- 
oping unconventional approaches for their production, e.g., by synthe- 
sizing organic materials in inorganic molten salts [3] or incorporating 
main group elements as structure-building units in organic framework 
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materials [4]. A turning point in our research was the development of 
metal-free semiconductors that can be used, among other things, as 
photocatalysts to produce hydrogen from water [5]. The generation of 
storable chemical energy from the energy of sunlight is one of the great 
chemistry challenges of the 21st century. Photocatalytic water splitting 
for the synthesis of hydrogen or the reduction of CO, into useful basic 
chemicals are two important reactions, which would yield independence 
from fossil raw materials and the reduction of greenhouse gases. The 
development of photocatalysts based exclusively on abundant elements 
would enable a new, decentralized production of chemical energy 
sources and products. After initially investigating polymeric carbon 
nitrides as photocatalysts, we also succeeded in the first synthesis of a 
porous organic network at room temperature as a photocatalyst [6]. In 
recent years, we have increasingly focused on the use of the principles 
of reticular chemistry to build covalent organic framework materials 
(COFs) as new organic photocatalysts [7]. 

As described above, reticular chemistry, inspired by natural catalytic 
systems, allows various functional units to be incorporated into an open 
scaffold material with high precision. With such multifunctional or multi- 
variate COFs, structure and properties of a photocatalyst can be tailored, 
e.g., by controlling its band gap and band positions, improving charge 
carrier separation and mobility in the polymer backbone, and varying the 
polarity of the material or introducing molecular co-catalysts (Fig. 1). 


Fig. 1. Synthesis of a COF including electron donor (D) and acceptor (A) moieties, 
HRTEM micrograph of the D-A-COF, and experiment for photocatalytic hydrogen 
generation. 
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We can also learn from nature that the structures of a functional mate- 
rial must be controlled not only at the molecular level but also in the best 
case over several length scales. Therefore, we have tried to create COFs 
that have defined structures even on micrometre and even larger length 
scales by adding additional templates or building composites with other 
materials, such as graphene [8, 9]. 


Outlook to future developments of research on 
reticular chemistry and new materials 


The field of materials chemistry has expanded significantly with the 
development of reticular chemistry. For the first time, we have the oppor- 
tunity to introduce a large number of different functional units into a sin- 
gle material with high precision in terms of distance, orientation, and 
electronic coupling to each other. How can this help create advanced 
materials of the future that are urgently needed for the sustainable devel- 
opment of our society? As an example, let's consider again materials for 
catalysis. As described in the opening statement, nature has created per- 
fect catalysts, namely enzymes consisting of a complex protein shell and 
several cofactors whose functions have so far only been partially revealed. 
However, it can be safely assumed that nature would not have developed 
such complex assemblies if a much simpler solution would have offered 
similar catalytic performances and functions. The idea that just because 
certain metal ions are found in the active centre of an enzyme, the same 
metals could exert similar reactivity on the surface of a simple support 
material or an organic ligand is tempting but certainly too short-sighted. 
Perhaps we should rather consider a systemic approach to material devel- 
opment, i.e., dealing with complexity rather than simplifying things too 
much. The protein shell of enzymes fulfils a wide variety of functions in 
the catalytic process and is not only a complex ligand for metal ions. 
Inspired by this, we should strive for catalytic materials that not only 
immobilize a catalytic centre but also whose multivariate structure can 
control the entire catalytic process, including the control of chemical and 
electrical potentials and the transport of mass and energy to and from the 
actual active centre. Furthermore, why should we limit ourselves to 
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materials that are only suitable for one single chemical reaction as a cata- 
lyst, when we can also consider a cascade of successive or simultaneous 
chemical or catalytic processes coupled by the transfer of reactants, prod- 
ucts, and energy in the material, as we can eventually observe in our cells? 
Such an approach would require the construction of one or more multi- 
variate materials, which are nevertheless spatially coupled with each other 
so that different catalytic reactions can take place in separate compart- 
ments, which suggests a structural complexity of the materials, which we 
can potentially achieve through the promises of reticular chemistry. Such 
approaches will not pre-emptively create a synthetic enzyme or an artifi- 
cial cell but at least materials that come a significant step closer to this 
goal. 

In Berlin, we are currently investigating such concepts in an interdis- 
ciplinary research network entitled “Unifying Systems in Catalysis — 
UniSysCat", in which more than 60 research groups from 9 institutions 
with expertise from bio- to inorganic solid-state chemistry and from the- 
ory to engineering sciences are involved [10]. 
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My view of the present state of research on 
development of electron crystallography for reticular 
chemistry and new materials discovery 


Reticular chemistry and computational materials design are accelerating 
the discovery of new materials. During the past two decades, nanoporous 
materials such as zeolites, metal-organic frameworks (MOFs), and cova- 
lent organic frameworks (COFs) have undergone tremendous develop- 
ments. Based on the principles of reticular chemistry, numerous new 
nanoporous materials with desired topology, pore size, and functionalities 
have been synthesized. While powder X-ray diffraction (PXRD) and sin- 
gle crystal X-ray diffraction (SC-XRD) are the most commonly used 
techniques for phase analysis and structure determination, it is challeng- 
ing to analyse samples containing multiple phases by PXRD and SC-XRD 
requires large single crystals. During the discovery of new materials, 
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major efforts and time are often spent to optimize synthesis conditions to 
obtain large crystals and pure samples. On the other hand, electron crys- 
tallography has unique advantages in studying nano- and micrometre- 
sized crystals that are too small for SC-XRD and multiphasic samples too 
complex for PXRD. All polycrystalline powders are seen as single crystals 
on a standard transmission electron microscope (TEM). 

Since the 1970s, ab initio structure solution has already been demon- 
strated on inorganic and organic crystals using high-resolution transmis- 
sion electron microscopy (HRTEM) imaging and electron diffraction 
(ED) taken along crystallographic zone axes [1]. However, the methods 
have not been widely used until the development of the new 3D electron 
diffraction (3D ED) techniques [2]. 3D ED data are recorded from an 
arbitrarily oriented crystal, while the crystal is rotated during data collec- 
tion. Before 3D ED, it was generally believed that the strong interaction 
of electrons with matter would make ED intensities dynamical and unus- 
able for structural analysis. The 3D ED data from arbitrary crystal orienta- 
tions are found to be less dynamical than zonal-axis ED data and can be 
treated as kinematical data during structure determination in the same way 
as SC-XRD data. Today, a complete 3D ED dataset can be obtained in a 
few minutes on a standard TEM, and numerous new structures, ranging 
from inorganic, organic, and protein crystals, have been determined by 3D 
ED. During the past decade, 3D ED has played a key role in the discovery 
of novel zeolites; 80% of the newly discovered zeolite structures since 
2015 were solved by 3D ED [3]. Many beam-sensitive materials such as 
MOFs and COFs are also determined by 3D ED [4]. The 3D ED tech- 
niques have revolutionized crystallography and provided new opportuni- 
ties for discovering novel structures and materials and exploring their 
properties and applications. 


My current research contributions to reticular 
chemistry and electron crystallographic methods for 
structural analysis of new materials 

For more than 30 years, our group has been developing electron crystallo- 


graphic methods and applying them for the structure characterization of 
novel materials that cannot be studied by X-ray diffraction. We developed 
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Crystallographyic image processing (CRISP) 3D electron diffraction (RED, cRED, SerialRED, EF-cRED) Serial electron diffraction (SerialED) 


Fig. 1. Examples of electron crystallographic methods and software developed by our 
group. (a) Structure determination from HRTEM images by crystallographic image pro- 
cessing using the programme CRISP. (b) Rotation electron diffraction (RED) [5, 6], con- 
tinuous rotation electron diffraction (cRED) [7], serial rotation electron diffraction 
(SerialRED) [9], and energy-filtered cRED (EF-cRED) [10] for 3D ED data collection and 
processing. (c) Serial electron diffraction (SerialED) for structure determination and phase 
analysis [8]. 


crystallographic image processing software CRISP for ab initio structure 
determination from HRTEM images (1992-2000, Fig. 1(a)) and demon- 
strated that complex structures could be solved from HRTEM images taken 
along different zone axes (1995-2012). We also developed the first software 
ELD for ED intensity quantification (1993) and unit cell determination and 
phase analysis (2004) and used them for phase identification and ab initio 
structure determination of new inorganic materials (1996-2004) [1]. 
Although we demonstrated ab initio crystal structure determination 
from nano- and micron-sized crystals by electron crystallography, the 
methods were both demanding and time-consuming, especially challeng- 
ing for beam sensitive materials, such as zeolite, MOFs, and COFs. On the 
other hand, electron diffraction requires 100 times less electron dose than 
HRTEM imaging and has unique advantages for studying beam-sensitive 
materials. Since 2008, our group has developed several electron diffrac- 
tion techniques, including rotation electron diffraction (RED) by combin- 
ing fine beam tilt and rough goniometer tilt to obtain complete 3D ED 
data [5] and software RED for data collection and data processing [6]. 
In order to automate the ED data collection, we developed a software 
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platform /nstamatic and implemented continuous rotation electron dif- 
fraction (CRED) with crystal tracking [7]. We also developed serial (rota- 
tion) electron diffraction (SerialED and SerialRED) with fully automated 
crystal screening for single ED snapshots and high-throughput 3D ED 
data collection, respectively, and hierarchical cluster analysis for phase 
analysis [8, 9]. These make it possible not only for studying extremely 
beam-sensitive crystals but also for high-throughput phase analysis and 
for detection of minor phases invisible by X-ray diffraction. Recently, we 
implemented energy-filtered 3D ED in /nstamatic [10]. The new electron 
diffraction techniques have made important breakthroughs in structure 
determination and phase analysis. 

For more than 20 years, our group has also been working on the design 
and synthesis of novel nanoporous materials. We developed more than 80 
open-framework germanates including the first synthesis of zeolite beta 
polymorph C (FOS-5) [11], a chiral zeolite SU-32 (STW) [12], and the 
first mesoporous oxide SU-M with gyroidal channels separated by crystal- 
line walls [13]. Using 3D ED, my group determined more than 250 new 
structures, including zeolites, MOFs, and COFs (Fig. 2). We determined 


ZSM-25 PCN-333 PCN-226 
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Fig. 2. Structures of novel nanoporous materials solved using 3D ED. (Top) Zeolites 
(16-ring ITQ-51 [18], 22-ring EMM-23 [14], 8-ring ZSM-25 [15]), AI-MOF PCN-333 
[22]. and Zr-MOF PCN-226 [25]. (Bottom) The first COF single crystal structure COF- 
320 with open and closed forms [21], PCN-415 MOF with bimetallic cluster 
[Ti;Zr,O,(COO),,] [23], Bi-MOF SU-101 [26], mesoporous Zr-MOF CAU-45 [24] where 
linker disorder was identified by 3D ED, and MIL-140C showing linker motions [28]. 
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the structures of several zeolites that remained unsolved for decades 
[14, 15]. We developed a novel structure prediction approach that allowed 
targeted synthesis of new zeolites and discovered a family of zeolites with 
expanding complexity and embedded isoreticular structures [15, 16]. 
A large number of extra-large pore zeolites were also discovered and 
solved by electron crystallography [17-20]. We demonstrated the first 
single crystal structure determination of COFs by 3D ED [21] and solved 
the structures of many novel MOFs [22-25]. Detailed structural features 
such as hydrogen positions, disorders, and linker motions in MOFs could 
be identified [25—27]. Beyond the framework structures, 3D ED has also 
shown to be effective in studying host-guest interactions in MOF 
nanocrystals [28]. We demonstrated very recently high-throughput phase 
elucidation of highly complex polycrystalline zeolite materials using the 
automated SerialRED. Five different zeolite phases could be identified 
from a single synthesis product [29]. This includes phases with ultra-low 
contents or similar unit cell parameters that are unable to be identified 
using PXRD. SerialRED provides new opportunities for the exploration of 
complex material synthesis systems and the rapid development of poly- 
crystalline materials. 


How can emerging electron diffraction techniques 
accelerate the discovery of new materials? 


Structural studies at atomic levels are indispensable to fundamentally 
understand physical and chemical properties, which is in turn important 
for the development of new materials. Because 3D ED is powerful for the 
structure determination of nanocrystals from samples containing many 
different phases, chemists can take advantage of this technique to explore 
new strategies that can produce multi-phasic samples and directly use 
SerialED and SerialRED instead of PXRD and SC-XRD for phase 
screening. 

The 3D ED techniques have revolutionized crystallography and pro- 
vided new opportunities for discovering novel structures and materials 
and exploring their properties and applications. As TEMs are widely 
available in laboratories around the world compared to synchrotron 
facilities, we foresee the significance of 3D ED for structural analysis 
will continue to increase, which will certainly accelerate the discovery of 
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novel materials and research in the fields of porous crystalline 
materials. 
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Ab initio Free Energy Predictions 
with Chemical Accuracy: Adsorption 
and Catalysis in Nanoporous 
Materials 


Joachim Sauer 


Institut für Chemie, Humboldt-Universitüt zu Berlin, 
10099 Berlin, Germany 


Rational design of materials for adsorption and 
catalysis 


Compared to solid-supported catalysts which have complex structures 
that are not ordered into unit cells, reticular materials like zeolites and 
metal-organic frameworks (MOFs) combine the advantages of reduced 
complexity and periodicity with a large structural variability and scala- 
bility. In zeolites, the networks of corner-sharing TO,-tetrahedra (T = Si, 
AT) form a large variety of frameworks with different pore topologies 
and sizes [1]. The frameworks can have different Si/Al ratios and their 
negative charge can be compensated by different (metal) cations. 
Compensation with protons results in the large family of Brénsted acid 
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catalysts. For the cosmos of one-, two-, and three-dimensional reticular 
structures, I refer to the contributions of Yaghi (3.1) and Fujita (3.5) in 
this chapter. 

The design of materials is based on understanding gained from 
experiments and computation. An example is the development of the 
SAPO-34 catalyst for the UOP/HYDRO Methanol-to-Olefine process 
[2]. The small pore size leads to high selectivity for ethene and propene 
production, and the optimized acid function leads to much less forma- 
tion of paraffinic by-products. In more recent work on MOFs [3], 
machine learning in combination with Monte Carlo simulations has 
been used to identify a top-performing material for H, storage within a 
database of more than 50,000 experimental structures. The material was 
synthesized and the measured isotherms agreed well with the predic- 
tions. The latter example demonstrates the increasing importance of data 
science as the fourth pillar of science in addition to experiment, compu- 
tation, and theory. 

The design of improved materials and — not less important — the 
understanding of existing ones require the ab initio prediction of adsorp- 
tion constants with no other input than the positions of the atoms. 
Adsorption isotherms describe the adsorbed amount (given as loading ©) 
as a function of the gas pressure p: 


O=K pil(Kp +1). 


The adsorption (Henry) constant K is obtained from the Gibbs free 
energy of adsorption: 


AG, = -RT In K. 


To be useful, the Gibbs free energy predictions have to be chemically 
accurate (~ 4 kJ/mol). For realistic models of molecule—surface interac- 
tions with hundreds of atoms in the simulation cell, this is a challenging 
problem of computational quantum chemistry. 
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Divide-and-conquer approach for ab initio calculation 
of Gibbs free energies 


Free energy simulations require (1) a method to calculate the potential 
energy surface (PES) and (ii) a method to sample the PES. The computer 
time for both parts scales nonlinearly with the number of atoms in the 
simulation cell. To make accurate calculations for large simulation cells 
affordable, we use a divide-and-conquer approach. We have developed a 
methodology that relies on the Taylor expansion of the PES around equi- 
librium structures [4, 5]. 


(i) For calculating the PES, we use wave-function methods as high-level 
methods in hybrid QM:QM calculations (QM — quantum mechan- 
ics). Specifically, we use second-order Mgller-Plesset Perturbation 
Theory (MP2). As a low-level QM method, we employ density func- 
tional theory with some account of dispersion (DFT+D), the work- 
horse in solid state and surface calculations. 

(ii) We calculate anharmonic vibrational frequencies for each degree of 
freedom separately. The one-dimensional potentials are sampled in 
curvilinear coordinates. 


Figure 1 summarizes the implemented methods compared to the cur- 
rent standard approach in computational adsorption/catalysis. For small 
alkanes in zeolite H-chabazite [5], we have demonstrated that both enthal- 
pies and entropies of adsorption can be calculated with chemical accuracy. 
For this system, the computer time for a full MP2 calculation [6] is five 
orders of magnitude larger than for a DFT+D calculation (PBE+D2). Our 
hybrid MP2:(PBE+D2) calculation is only two orders of magnitude more 
expensive than the DFT+D calculation. 


Ab initio isotherm predictions with chemical accuracy 


For the adsorption of CO and N, in Mg-MOF-74, a comparison has been 
made with measured adsorption isotherms. Figure 4 in Ref. [7] shows the 
isotherms calculated in the harmonic approximation and with 
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K = (Q,/Q,) exp(-AE/RT)- exp(-AS/R) exp(-AE/RT) 
k = (kT/h)(Q*/Q,) exp(-AE*/RT) = (kT/h) exp(-AS*/R)exp(-AE*/RT) 


Q = Z; exp(-£/KeT) 


AG= -RT In (Q,/Qo) + AEzpy + AE 
Vibrational energies Energy of stat. points 
Standard harmonic DFT+D 
" " hybrid MP2:DFT+D 
This work anharmonic + ACCSD(T) 


Chemical accuracy (1 kcal/mol = 4 kJ/mol) 
periodic boundary conditions, 1000 atoms per unit cell 


Fig. 1. Implemented methods for calculating equilibrium and rate constants compared to 
the standard approach for molecule — Surface interactions. 
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Fig. 2. CH, adsorption in Mg-MOF-74 at different sites (left), Mg” — green, linker — 
blue, second layer — red, and their contributions to the total (black line) excess adsorption 
isotherm (right) [8]. The experimentally determined availability (78%) of adsorption sites 
is assumed. Experimental data points [12] are given as squares. 


anharmonic partition functions. The latter are in very good agreement 
with the experiment. Comparison with isotherms obtained after changing 
the Gibbs free energy (or energy) of adsorption by 1 and 4 kJ/mol 
shows that the accuracy of our anharmonic free energy calculations is 
better than 1 kJ/mol. 

We have studied the adsorption of CH,, CO,, and H,O in MOFs with 
regard to storage and separation of small energy-carrying molecules, 
carbon capture, and water harvesting, see Refs. [8—11]. Figure 2 shows 
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CH, molecules adsorbed at different sites in Mg-MOF-74 (which are 
coloured differently) and their contributions to the total (excess) adsorp- 
tion isotherm [8]. This decomposition provides valuable information for 
a rational design of improved materials. However, this good agreement 
is not obtained for the ideal perfect Mg-MOF-74 crystal structure, but 
only if it is assumed that only 78% of the adsorption sites in the perfect 
structure are accessible for the adsorption of CH,. This percentage has 
been determined experimentally (isosteric heats of adsorption as a func- 
tion of loading) and explained with “a reduced rate of diffusion at such 
loadings” or with the fact that “the remaining metal sites are physically 
Obstructed from access because of defects in the crystal structure" [12]. 


Outlook 


Having a method for predicting adsorption isotherms with chemical accu- 
racy for ideal MOF (or zeolite) structures, deviations from the experiment 
may indicate imperfections of the sample or the measurements. Together 
with progress in experimental structure characterization, this opens the 
door for understanding the structures of "real" materials which are 
employed for adsorption and catalysis. A recent example is the combined 
low-dose HRTEM and computational study on MOF UiO-66 [13] in 
which “... missing-linker defects were observed in various ... samples, 
including those that would have typically been assumed to be essentially 
defect-free, which underlines that notionally perfect materials can con- 
tain defects invisible to most characterization techniques that may influ- 
ence observed variance in properties of MOFs such as gas uptake." 

Imperfections of the materials may also explain the wide variation of 
experimental isotherms for H,O adsorption in Mg-MOF-74, obtained in 
different laboratories or in the same laboratory using different synthesis 
procedures, see Ref. [14] for the original references. The similarly wide 
variation of the isotherms predicted with different simulation techniques 
[14] calls for chemically accurate ab initio calculations for this system 
which are in progress. 

Not less important with respect to the rational design of improved 
materials for water harvesting is the 1:1 connection between points on the 
isotherm and the structures of the corresponding number of H,O 
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molecules in the MOF pore which have been determined in parallel with 
single crystal-XRD experiments and quantum chemical calculations [11]. 
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Coordination Self-Assembly: Past, 
Present, and Future 


Makoto Fujita 
Department of Applied Chemistry, The University of Tokyo, 
Bunkyo-ku, Tokyo 113-8656, Japan 


Short Summary: Since 1990, our group has been developing a new con- 
struction principle, featured as “coordination self-assembly”, leading to 
the spontaneous formation of cyclic structures, catenanes, three-dimen- 
sional cages, and so on that are assembled from a large number of tran- 
sition metal centers and simple coordinating organic molecules. A 
Pd(ID-cornered square complex served as the first example of coordina- 
tion assembly that generated not only a framework but also a “space”, a 
potential and excellent platform for creating new properties and func- 
tions. The cages can be gigantic and behave as large molecular contain- 
ers, leading to new chemical properties and reactivity of the substrates 
entrapped in these cages. In 1994, the same principle for cavity con- 
struction was applied to the preparation of an infinite coordination net- 
work that showed molecular inclusion in the cavity. Recently, 
single-crystal-to-single-crystal guest-exchange observed in the porous 
coordination network led to a revolutionary method for determining 
X-ray structures of small molecules which were encapsulated in the 
crystalline self-assembled cages. 
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Over the last three decades, self-assembly based on coordination 
chemistry has made remarkable developments, and various types of 
well-defined nanostructures such as helices, macrocycles, cages, and so 
on have been constructed from a large number of transition metal centres 
and simple coordinating organic molecules. In 1990, our group reported 
a spontaneously assembled molecular square with 4 palladium(II) atoms 
at its corners [1]. This report served as one of the earliest examples of 
coordination self-assembly, a new principle of metal-guided synthesis, 
being antithetic to organic synthesis, of the structure of matter on the 
nanoscale with an enormous impact on the molecular sciences. 


8+ 
NH — — HN 
H,N— ide oe 
2 \ 4 \ 4 * 
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N^ SN 
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Even back in the 1980s, a few milestone works had already existed for 
molecular self-assembly around metal centres, for example, Cu(I)- 
templated catenane (Sauvage 1983) and double helical complexes (Lehn 
1987). These earlier examples however did not show any particular func- 
tions or properties, in this regard comparable to most of the metal com- 
plexes formed under thermodynamic conditions. The square complex is 
distinctive from the others in that self-assembly generated not only frame- 
works but also cavities that are excellent platforms to create new proper- 
ties and functions through molecular recognition therein. The square's 
two-dimensional (2D) framework was subsequently extended into three- 
dimensional (3D) frameworks like cages, capsules, bowls, tubes, spheres, 
and catenanes [2] (Fig. 1). Extremely simple procedures strikingly domi- 
nate over the tedious ones of previous covalent syntheses. The results 
enjoy its unique status for (1) the facile creation of large hydrophobic cavi- 
ties, (ii) very strong binding of neutral molecules in the cavities, and 
(iii) unprecedented physical and chemical phenomena within the cavities. 
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Fig. 1. Coordination self-assemblies with cavities. 


In this chapter, among many contributions from our group to this field, 
several key self-assembled structures are disclosed emphasizing the past, 
the present, and the future of the field. 


Molecular confinement effects in the self-assembled 
cages [3] 


The cavities of self-assembled cages are extraordinarily large and are capa- 
ble of binding neutral guests. Unique functions are created from the self- 
assembled architectures. In the ML, cage, four large guests (e.g., adamantane 
and carborane) are encapsulated. Two different guests can be accommo- 
dated in a pairwise selective fashion, facilitating reaction design in the 
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Unusual Diels-Alder Minimal DNA Duplex Discrete Stacking Spin-Crossover 


PNAS USA , 2009, 106, 10435 n » 2009, 131, 2782 


(b) 
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Fig. 2. (a) Examples of new reactions and properties developed in the self-assembled 
cavities. (b) “Twisting” manipulation of an over-crowded olefin to show biradical nature. 


cavity. In the recognition of biomolecule fragments (oligopeptides or short 
nucleotides), their in vivo structures are reproduced in the cages in water. 

Reactivity and catalysis controlled by cavities represent one of the 
most important functional properties of self-assembled hosts. The photo- 
dimerization of olefins as well as Diels—Alder reactions in the cage are 
featured by remarkable rate enhancement (710^ times), perfect regio- and 
stereo-selection, high pairwise selection, and even chiral induction up to 
5096 ee. Notably, unreactive aromatics, even naphthalene, smoothly 
undergo the Diels—Alder reaction. In a single crystalline state reaction, 
extremely unstable reaction intermediate generated in the cage can be 
examined by X-ray analysis (Fig. 2(a)). 

Through confinement in the cavity, small molecules can be mechani- 
cally manipulated to alter their properties. For example, an over-crowed 
olefin in an anti-folded conformation was transformed into a twisted con- 
formation revealing a biracial nature due to the poorer overlap of p-orbitals. 
An aromatic amide was bent into a non-planer conformation to be 
easily hydrolyzed due to the disruption of amide conjugation (Fig. 2(b)). 
Spin crossover, stable organic mixed valent states, metal-metal bonding, 
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spin-spin interaction, and photo-induced guest-host electron/energy trans- 
fer have been observed through the accommodation of appropriately 
designed substrates. 


Polyhedrons with protein size cavities [4] 


Self-assembly of 5-nm sized cuboctahedral M,,L,, completes and 
“EndoChemistry” at their endo-surface and inner space were developed 
(Fig. 3). Discrete inorganic synthesis was demonstrated by the precise 
endo-template synthesis of silica in the sphere. The sphere can encapsu- 
late even a protein within the shell, providing potential methods for con- 
trolling protein functions and for protein structure determination. 


Self-assembly of gigantic M,L,, complexes under 
mathematical restriction [5] 
We also reported M,,L,, rhombicuboctahedron and M.j4L., icosidodeca- 


hedron, all of which belong to Archimedean solids. Recently, a non- 
Archimedean M,,L,, polyhedron was reported, whose topology is 


Fig. 3. Examples of Endo-Chemistry in the 5-nm sized M,,L,, spheres. Left: Perfectly 
monodisperse silica nanoparticle (Mw/Mn - 1.004) prepared in the sphere. Right: A pro- 
tein encapsulated by the sphere. 
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Fig. 4. X-ray structure of M,,L,, complex. 


mathematically rationalized based on a theory of tetravalent Goldberg 
polyhedra made up of squares and triangles. The self-assembly of 
MagLs, (Fig. 4) was achieved, which was predicted by the theory built 
by ourselves. 


Porous coordination network and crystalline 
sponge method 


Since 1994, coordination self-assembly has been applied to the construction 
of porous coordination networks [6], currently termed as MOFs. Only a few 
works were acknowledged in the 1980s with attention to the void of the 
structures (Robson, 1988). Our persistent endeavour in this field is to unam- 
biguously confirm the events in the pore by X-ray analysis, based on the 
single-crystal-to-single-crystal guest exchange phenomena. A variety of 
organic transformations and even reaction snapshots have been observed. 
Recently, these phenomena led to a revolutionary method for deter- 
mining X-ray structures of compounds without sample crystallization 
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sample solution 
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^ king diffraction study 
e a. 
crystalline sponge sample for X-ray analysis 


Absorbed guests/are obseryed, 


Fig. 5. Cartoon presentation of the crystalline sponge method. 


(Fig. 5) [7]. The method has quickly arisen as a transformative technology 
and has been accelerating chemistry as well as many related disciplines 
not only in academia but also in industries. 


Perspective 


In traditional disciplines, organic chemists create new “shapes” (i.e., new 
frameworks, stereochemistries, and nanostructures), whereas inorganic 
chemists do new "states" (1.e., new spin state, oxidation state, and exited 
states). The scientific significance in coordination self-assembly is that a 
new interdiscipline in chemistry has been developed, in which inorganic 
chemistry creates new shapes. 
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Outcompeting nature using DNA as a 
structure-directing group 


Nature has evolved to use DNA to store the genetic instructions for life, 
and all genetic data can be coded using only four nucleobases. When it 
comes to defining structure on the cellular level, however, nature has 
elected to employ polypeptides, as opposed to nucleic acids, as its build- 
ing blocks of choice to construct functional entities, such as enzymes 
and tissues. In some respects, this is surprising given the complex 
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relationship between amino acid sequence and protein folding as well as 
the myriad interfacial attractive and repulsive forces that govern pro- 
tein-protein interactions and hierarchical structure formation. In our 
research, we have sought to highjack DNA for a different purpose: as 
both a structure-directing agent and structural material. Indeed, in addi- 
tion to encoding genetic information, DNA also can be used as a bond- 
ing modality for dictating highly specific structural outcomes. Its 
sequence-specific interactions, programmable length with defined sec- 
ondary structure, and tunable interaction strength make it a versatile 
synthon for interconnecting elementary non-nucleic acid building 
blocks and defining structure across multiple length scales. 
Oligonucleotides exhibit significantly longer persistence lengths and 
can be more deliberately and reliably tailored with respect to recognition 
properties than polypeptides, making them perhaps the materials of 
choice when attempting to create a new paradigm for bonding and struc- 
ture design through a straightforward set of design rules. Indeed, a grand 
challenge for scientists is to outperform the structural control that nature 
has evolved over millions of years by utilizing DNA to both guide and 
control structural outcomes. 


DNA as a versatile and unrivalled ligand for colloidal 
crystal engineering 


Colloidal crystals are highly ordered arrays of nanoscale building blocks 
with properties that derive from their habits, crystal symmetries, lattice 
parameters, and constituent building blocks. They are found naturally, for 
example, in the form of opals or butterfly wings, where they are a source 
of structural colour. In addition, they have been prepared in many forms 
in the laboratory [1]. Approaches to prepare them have relied on electro- 
static assembly, evaporation, and small molecule particle-interconnecting 
organic ligands [2]. However, these approaches do not offer the ability to 
programme structure outcome. The suite of interactions available through 
these approaches are limited with respect to length scale and lack orthogo- 
nality, which prevents the design and synthesis of targeted crystals. 
Therefore, a macromolecular ligand, such as DNA, that spans a greater 
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length scale and that can be encoded with orthogonal interactions is 
needed. 

To take advantage of DNA as a structure-directing material (a type 
of "source code"), we have explored colloidal crystals as a model sys- 
tem in which we can use hybrid DNA-nanoparticle conjugates as our 
building blocks. These DNA-functionalized nanoparticles are termed 
programmable atom equivalents (PAEs), as they represent the elemen- 
tary blocks used to make all hierarchical materials in this field. Notably, 
unlike conventional atoms, the bonding characteristic of PAEs is inde- 
pendent of “atom identity" (nanoparticle core). This observation allows 
one to use DNA to create intuitive pathways based upon geometry- 
guided rules to new materials inspired by nature and ones with no 
equivalent in nature [3]. Colloidal crystals assembled using DNA utilize 
multivalent DNA hybridization interactions to drive cooperative binding 
between particles, enabling reliable, deliberate, and designed crystalli- 
zation [4], Fig. 1. The guiding principle in this work is that the thermo- 
dynamically favoured structure will be the one that maximizes 
particle-particle contacts that lead to hybridization — this maximized 
bonding argument is known as the complementary contact model 
(CCM) [5]. 

The use of DNA as a ligand in colloidal crystal assembly goes 
beyond simply improving the colloidal stability of nanoparticles or pro- 
viding a “glue” to hold the structure together [6]. This approach repur- 
poses DNA from the blueprint of life to a blueprint for encoding a final 
crystal structure with precise control over design parameters, including 
lattice symmetry, nanoparticle spacing, and crystal habit. The outer DNA 
shell is primarily responsible for the process of crystallization, which 
means the chemical composition of the core material is entirely inde- 
pendent of the crystallization process. This allows any material to be 
incorporated into a crystal as long as it can be chemically modified with 
a dense shell of DNA [7]. In chemical terms, this is a seismic departure 
from traditional atom-based chemistry. For any given element, the iden- 
tity of the atom is intrinsically linked to the bonding characteristics of 
that element; a fundamental tenet in chemistry is that two atoms cannot 
have identical bonding behaviour without also having identical nuclei. 
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Fig. 1. a) Schematic describing PAEs and the crystallization process. (b) Electron microscopy characterization for select lattice symme- 
tries and crystal habits. Scale bars: 50 nm (top) and 1 yam (bottom). (c) Unit cells from the library of over 70 synthesized to date. 
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Furthermore, the massive design space of DNA (both length and 
sequence) has led to thousands of crystals spanning over 70 different 
symmetries, all based upon the CCM [5, 8]. Accessible lattice symme- 
tries range from relatively simple face or body-centred cubic lattices 
from the earliest demonstrations to complex lattices with large unit cells 
such as perovskites and clathrates, and several of these lattice symme- 
tries have no mineral equivalent [9]. Introducing directional binding by 
using anisotropic nanoparticles with a shell of DNA of the appropriate 
length to retain the underlying nanoparticle shape enables particle 
assembly based on facet registration, which has dramatically expanded 
the scope of possible structures [10, 11]. Interestingly, when the particles 
are reduced in size, they will randomly diffuse through a lattice defined 
by larger complementary particles. These particles are referred to as 
electron equivalents and establish a new type of bonding in colloidal 
crystals akin to metallic bonding [12, 13]. In addition to providing exqui- 
site control over lattice symmetries and parameters, this approach has 
provided a route to faceted macroscopic single crystals spanning eight 
different crystal habits to date [14—16]. Moreover, recent work on tem- 
plating colloidal crystal growth on substrates has led to methods for 
device integration and controlling crystal position and orientation on a 
surface [17]. 

Colloidal crystals comprised of PAEs exhibit emergent properties, 
distinct from both the nanoparticle cores and DNA shells. For example, 
structures comprised of gold and silver particles can be designed to 
exhibit unusual catalytic behaviour [18] and photonic modes [19-21], 
and the stimuli-responsive nature of DNA can be used to dynamically 
tune such properties [22]. Additionally, it was recently discovered that 
DNA -mediated colloidal crystals exhibit a shape-memory property due, 
in part, to the hyperelastic nature of the DNA [23]. Upon drying, the 
removal of water around the DNA compresses it by ~90% and destroys 
the crystallinity of the sample. But upon rehydration, the crystals are 
restored to their original state, including intact habit. Despite the bonds 
responsible for maintaining the ordering of the crystal being fully dis- 
rupted, the DNA provides a memory capable of moving the particles in 
space to return them to their original positions in a type of self-healing 
process. This phenomenon is unlike any other in self-healing materials in 
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that it restores all of the particle building blocks essentially to their origi- 
nal states, and it comes from the inherent ability of the DNA to form 
encoded bonds between the particles. Metaphorically, in this example, 
DNA serves as the blueprint, the construction worker, and the glue for 
creating such structures. 


Challenges and opportunities in repurposing the 
blueprint of life 


Historically, the focus in this field has been on exploring what is structur- 
ally possible and building a library of different lattices in an effort to 
understand the design rules that govern their formation. However, with the 
CCM and the data compiled by hundreds of research groups to date, we 
are approaching the point where many new crystalline materials can be 
targeted and reverse-engineered. A day is coming soon when computa- 
tional programmes will take a target structure, with a given lattice structure 
and composition, and produce the conditions and particle and DNA build- 
ing blocks required to make that structure. The phase space that can be 
explored is very rich and much more diverse than conventional chemistry. 
Because “atom identity" and bonding characteristics are independent of 
one another in this field, particles that normally would not interact can be 
forced to interact with one another. This observation alone allows one to 
dramatically expand the scope of possibilities beyond what we observe in 
nature. The arsenal of chemistry aimed at producing colloids comprised of 
unusual particle shapes and sizes creates tremendous opportunities in this 
regard. Take, for example, hollow particles — they could lead to a class of 
open architecture systems similar to MOFs and zeolites but spanning a 
larger and more difficult to access length scale. Indeed, the next develop- 
ments in this field will focus on higher orders of structural control. 

The building block parameter set is rich: particle composition, size, 
shape and structure (e.g., filled, hollow, alloy, and heterostructure), and 
nucleic acid length and sequence. Yet, the crystal product/target parameter 
set is even richer with an almost infinite number of features. Although we 
can reliably target many structures, we must gain additional understanding 
to exert greater synthetic control. All crystal features impact their proper- 
ties, but all such features in this field are intrinsically linked and guided 
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through the design of the DNA. Full control of crystalline structure will 
require the ability to decouple these features from one another. In addi- 
tion, as the field moves towards functional colloidal crystals with proper- 
ties by design, multicomponent architectures are of particular interest to 
create materials with properties that exceed what is possible with a single 
nanoparticle building block. Multicomponent architectures represent an 
ongoing challenge on the lattice level (i.e., increasing complexity required 
for each component to occupy a distinct lattice site) and on the mesoscale 
(i.e., core-shell, Janus, or other architectures). 

Leveraging the unique structural control afforded by colloidal crystal 
engineering with DNA to create materials with functional properties is 
another ongoing challenge. Current studies on optically active colloidal 
crystals suggest that they may find uses as lenses, wavelength-dependent 
mirrors, and optical switches in a variety of nanoscale devices [24-26]. 
Light-matter interactions on this length scale lead to highly unusual prop- 
erties, and the dynamic tunability of colloidal crystals engineered with 
DNA offers an attractive avenue for investigating long-range periodic 
structure—function relationships. Furthermore, this approach may enable 
access to negative refractive index materials, opening applications in 
cloaking. 

Interfacing colloidal crystals with other materials is another promis- 
ing direction that could yield structures with new properties. For example, 
by combining the ability to expand and compress polymeric matrices with 
the exotic structures attainable via colloidal crystal engineering with 
DNA, researchers should be able to realize all sorts of functional new 
materials with optical properties that are mechanically responsive. Finally, 
the approach of using DNA to control material architecture structure 
extends far beyond colloidal crystals. Proteins, polymers, hydrogels, and 
many other materials can have structural outcomes controlled by careful 
and strategic incorporation of oligonucleotides, and challenges include 
mapping out innovative ways to interface DNA with such materials. 
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The discovery of new materials must address an 
enormous design challenge 


Identifying new materials that exhibit desired properties is central to 
almost everything we do as a civilization. Imagine a world without cata- 
lysts, silicon, polymers, batteries, and construction materials. Although 
remarkable advances have been made in materials discovery, in many 
respects, we are moving through the possibilities at a glacial pace. Indeed, 
when just approaching the synthesis of new inorganic materials, one must 
consider an enormous parameter set, including, but not limited to, the 
elemental composition, oxidation states, size, shape, morphology, crystal 
structure, and support. This design space is massive and cannot be 
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adequately surveyed using traditional synthesis or screening methods. For 
example, if we focus solely on metallic nanoparticle materials containing 
variations of the 61 metals with stable isotopes, and we target the synthe- 
sis of four-component nanoparticles, there are 520,000 possible combina- 
tions. If we then also consider size control from 1—50 nm in 1 nm 
increments, there are a total of 26,000,000 potential materials. Finally, if 
the four-component elemental composition is controlled in 5 atom% 
increments, we are confronted with 25,000,000,000 possible material tar- 
gets. There are many more parameters besides composition and size that 
influence performance; therefore, the total possible number of chemically 
or physically distinct nanomaterials is near infinite, which defines what 
we term the “matterverse”. 

In the context of inorganic materials, combinatorial chemistry has 
advanced to the point of using hundreds to thousands of thin film features 
for screening properties [1-3]. While important advances, these approaches 
do not create features that are discrete in nature and of the appropriate 
length scales to uncover the effects of reduced dimensionality or structure/ 
function relationships. Indeed, while multimetallic gradient thin film librar- 
ies are attractive because they are easily prepared, they lack control over 
most design parameters except elemental composition. In order to fully 
navigate the matterverse, one must (1) realize ultrahigh-throughput synthe- 
sis techniques that produce millions to billions of new materials per experi- 
ment with the chemical precision of traditional serial synthesis methods and 
(2) develop comparably fast characterization techniques to generate perfor- 
mance metrics, teaching us new lessons about materials design that can 
only be learned by exploring as much of the design space as possible. 


Scanning probe nanolithographic techniques enable 
the synthesis of increasingly larger libraries of 
materials 

Over the past two decades, we have developed several scanning probe 


lithography techniques that enable the high-throughput, on-chip synthesis 
of complex nanomaterials. This began by transitioning scanning probe 
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microscopy (SPM) techniques from reading to writing tools, as in the case 
of dip-pen nanolithography (DPN) [4]. SPM-based lithography allows for 
positionally encoded deposition of attoliter-volume nanoreactors support- 
ing specific chemical transformations for materials synthesis (Fig. 1(a)) [5]. 
The spatial confinement within a nanoreactor causes all material precur- 
sors to coalesce into a single nanostructure, affording unprecedented 
control over product composition and size on the single-particle scale [6-9]. 
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Fig. 1. (a) Scanning probe lithography of attoliter-sized nanoreactors containing materi- 
als precursors. For nanoparticle synthesis, thermal treatment induces particle formation 
and nanoreactor decomposition. (b) A library of polyelemental nanoparticles synthesized 
from nanoreactors showing elemental mapping from energy-dispersive X-ray spectros- 
copy (EDS) [10]. (c) Parallelized nanoreactor deposition where the composition and vol- 
ume of the precursor at each pen is controlled. (d) A nanoparticle megalibrary schematic 
with both composition and size gradients. (e) A library of more than 4,000 CsPb(Br, ,Cl,), 
perovskites with varied photoluminescence behaviour to optimize blue emission properties 
(scale bar = 100 um) [11]. (f) Al-predicted synthesis of a five-component, single-interface 
nanoparticle, where the bar graph shows the measured composition by EDS and the black 
bars represent the AI-suggested ratios [12]. 
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Remarkably, to date, a library of single heterostructured nanoparticles 
containing up to seven different elements has been synthesized by reduc- 
tive, thermal annealing of patterned nanoreactors loaded with the requisite 
metal salts (Fig. 1(b)) [10]. 

By further transforming serial nanolithography methods into cantile- 
ver-free parallel writing tools with as many as 11 million tips, we now 
have ways to dramatically accelerate the pace of materials synthesis 
(Fig. 1(c)) [13]. For example, when precursors are distributed in pre- 
defined gradients across an array of pens, the composition and concentra- 
tion at each pen are different, resulting in at least as many unique materials 
as there are pens on a single chip (i.e., a nanoparticle megalibrary — a 
positionally encoded chip with at least a million distinct features) 
(Fig. 1(d)). Importantly, this approach can be extended to any chemistry 
that can be performed within a nanoreactor, of which there are many, 
including reactions that lead to multicomponent metallic and ionic nano- 
particles as well as halide perovskites [6—9]. 

To be useful, parallel synthesis must be paired with sufficiently high- 
throughput screening techniques. Spectroscopic methods that allow one to 
either rapidly interrogate the chip in a site-specific manner or, more pref- 
erably, collectively during a single analysis step are desirable. Accordingly, 
in one demonstration, we (collaborating with researchers from Wright- 
Patterson Air Force Base) used Raman spectroscopy to discover a new 
catalyst for the synthesis of carbon nanotubes by screening an Au-Cu 
nanoparticle library containing a total of 14 million nanoparticles [14]. 
Importantly, hundreds of new catalysts were identified, but only one was 
a global maximum performance-wise (Au,Cu), which highlights the need 
to search a large parameter space to identify the best material for an 
intended use. We have also synthesized a library of 4,624 mixed halide 
perovskites, each subtly different in chemical composition, which was 
screened for blue photoluminescence (Fig. 1(e)) [11]. From this work, 
CsPb(Br,Cl,,), was identified as the highest intensity blue emitter. We 
now can control the precursor composition and volume at each pen tip, 
allowing us to pattern and synthesize at least 100,000 unique materials per 
square centimetre in a single experiment using commercial tools. 
Moreover, we are making rapid progress towards the synthesis of megali- 
brary chips with greater than 200,000,000 distinct particles. 
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Given the extraordinary complexity of the matterverse, it is impera- 
tive to take a systematic approach to megalibrary design by predicting 
composition spaces that are likely to exhibit properties of interest. To that 
end, we are interfacing the megalibrary platform with artificial intelli- 
gence (AJ), combining our ability to generate large volumes of first-party 
data with the predictive capabilities of AI. Megalibraries provide a path to 
synthesize large portions of the matterverse and acquire massive, high- 
quality structural and performance datasets, which then can be mined for 
optimized materials using AI. Thus far, in collaboration with Toyota 
Research Institute, we have integrated AI with libraries of heterostruc- 
tured polyelemental nanostructures to successfully predict new element 
mixtures for biphasic nanoparticles, resulting in the most chemically com- 
plex biphasic nanoparticles ever made: Au;jPd, Cu, 4Ni,4Co,) (AuPdCu- 
NiCo) and Auj4 Ag; Pd;4Cu;Ni4Co,; (AuAgPdCu-PdCuNiCo) (Fig. 1(f)) 
[link] [12]. Building on this foundation, we are working to integrate the 
multimodal structural and functional data streams produced by our high- 
throughput characterization tools with suitable models to harness both the 
predictive and analytical power of AI and allow us to comprehensively 
survey the matterverse. 


Megalibraries and AI will accelerate materials 
discovery across chemistry fields 


The megalibrary platform, enabled by the remarkable rise of scanning- 
probe nanolithography, is primed to revolutionize many aspects of materials 
discovery. By providing access to unexplored synthetic avenues, megali- 
braries offer opportunities beyond high-throughput synthesis to include 
screening and massive data analytics with implications far beyond the 
development of new screening tools and automated instrumentation. Any 
sufficiently automated experimentation can quickly scale beyond conven- 
tional data processing, which requires us to rethink how to acquire, store, 
and analyse data. This paradigm shift began a long time ago — one is 
already hard-pressed to find an analytical instrument that does not generate 
data in a digital format, and it does so at an ever-increasing rate. The inte- 
gration of AI provides a way to manage these massive datasets by mining 
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large databases, analysing multimodal experimental results, and making 
predictions about new materials and their properties to inform future exper- 
iments [15]. Excitingly, this will enable a transition from automated to fully 
autonomous workflows, essentially digitizing a component of the work- 
force. In so doing, AI integration with megalibraries will change the way 
we design and conduct experiments, allowing us to focus on discoveries 
that will tackle some of the greatest challenges we face, be it materials for 
fuel cell catalysts, CO, reduction to fuels, energy storage and conversion, 
chemical synthesis, or whatever the future holds — we will find important 
answers by mining the matterverse. 
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Outlook on novel material design from a 
biomolecular perspective 


The last two decades have brought exciting developments in the design of 
molecular materials. This is particularly true for subfields where macro- 
molecules — nucleic acids and proteins — have been exploited as the 
building blocks. Macromolecules offer exceptional versatility in terms of 
design and production, along with diverse chemical functionality. They 
also bring high levels of complexity, with attendant opportunities and 
design challenges. For materials based on DNA or RNA, the widely 
understood rules of Watson-Crick base-pairing provide general strategies 
for controlling molecular associations and geometric shape. The unique 
building opportunities presented by DNA were of course appreciated first 


This is an open access article published by World Scientific Publishing Company. It is distributed 
under the terms of the Creative Commons Attribution-NonCommercial 4.0 (CC BY-NC) License. 


207 


208 R. Castells-Graells et al. 


by Ned Seeman, who pioneered the area of DNA nanotechnology. Protein 
molecules, on the other hand, offer numerous contrasts to nucleic acids as 
molecular building materials. They offer rich chemical and functional 
diversity, and indeed nature evolved myriad sophisticated self-assembling 
architectures based on protein molecules. But the rules that dictate how 
linear amino acid sequences will fold up in three dimensions, and then 
potentially assemble into larger structures, are much more complex. 
Accordingly, building geometrically regular materials from protein mol- 
ecules has required the development of new principles and molecular 
strategies. A range of engineering ideas have been explored in the last 20 
years, with diverse goals and outcomes. Here we will emphasize some of 
the most influential developments that have come from focusing on the 
use of symmetry to create extraordinary, self-assembling protein materi- 
als, with emerging applications. 


Symmetry principles bring about a new era of 
protein-based reticular materials 


Just over 20 years ago, motivated in part by realizations that came from 
an esoteric puzzle in macromolecular crystallography [1], we asked how 
it might be possible to create complex three-dimensional assemblies from 
simpler protein molecules. Numerous preceding efforts in protein design 
had explored the formation of relatively simple units, e.g., dimers or trim- 
ers of helical polypeptides, or extended linear filaments. Based on paral- 
lels to protein crystals and mathematical connections to symmetry groups, 
we observed that much more sophisticated architectures — including 
cubic- and icosahedral-shaped cages as well as extended materials — 
might be made to self-assemble into atomically predictable structures if 
two different kinds of oligomeric protein units could be brought together 
in precisely defined orientations. That idea and molecular engineering 
methods for achieving it were articulated by graduate students Jennifer 
Padilla and Christos Colovos in 2001 [2]. In addition to laying out a set of 
rules for creating a first set of geometrically regular (or reticular) materi- 
als, that study provided the first experimental demonstration of a designed 
protein cage. By genetically fusing a natural protein dimer to a natural 
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protein trimer (using a continuous alpha helical connection) with their 
symmetry axes in a precisely defined configuration, a self-assembling 
symmetry T cage was created, comprising 12 identical subunits, roughly 
600 kDa in size [2, 3] (Fig. 1). The approach was subsequently extended 
to create a distinct 24-subunit cube from different components [4]. 
Following Padilla's pioneering demonstration, numerous engineering 
variations have been explored for building novel, self-assembling protein 
architectures. A key innovation, which rapidly expanded the design possi- 
bilities, came from work by King and Baker et al. where, instead of geneti- 
cally fusing together oligomeric protein components, oligomeric units were 
brought together in defined orientations by introducing complementary 
amino acid surface mutations (chosen based on computational methods) to 


natural fusion designed self-assembling symmetric 
protein with specific protein nanoparticle 
oligomers geometry or material 


geometric models 


designed 


protein molecules 


= observed a 


Fig. 1. Illustration of the use of symmetry combinations, as introduced by Padilla et al. 
[2]. to create protein cages and other reticular protein materials. Figure adapted with 
permission from Lai et al. [3]. 
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hold the components together non-covalently [5, 6]. The computational 
interface design approach avoids the limitations inherent to the original 
fusion method, though at the expense of greater design difficulty and often 
modest experimental success rates; it has since led to numerous novel pro- 
tein cages and materials. In addition to these two basic approaches to build- 
ing geometrically regular protein materials, many other research groups 
have shown success with methods that deviate in one way or another, e.g., 
by introducing metal ligands or coiled-coil peptide elements, or by using 
natural protein cages as starting points for diversification [7-12]. Across 
the wide range of design strategies and variations that have been explored, 
a general finding is that those that have adhered most strictly to principles 
of symmetry have led to the most predictable and geometrically regular 
protein materials. 


Emerging applications and opportunities for reticular 
protein materials 


Designed protein assemblies of the type described here are beginning to 
find uses in medicine and nanotechnology. Many ideas are in the early 
stages of development, while a few have already proven useful in real- 
world applications. King et al. have demonstrated the use of designed 
icosahedral protein cages as vaccines, by decorating the surfaces of novel 
capsids with carefully situated viral antigens [13]. Liu et al. have demon- 
strated the use of designed protein cages as modular scaffolds for rigidly 
binding diverse cargo proteins, with the purpose of allowing the cryo-EM 
structure determination of proteins otherwise too small (i.e., smaller than 
about 50 kDa) for that powerful technique [14, 15]. Numerous other appli- 
cations will come to fruition in the next few years. An exciting direction 
for new work concerns the design of dynamically controllable assemblies, 
such as architectures that respond to specific cellular cues [16-18]. 
Recent advances in theory and computing are also notable. The num- 
ber of distinct design architectures that have been realized experimentally 
with protein molecules is relatively small compared to the full range of 
possibilities. In recent theoretical work, motivated by the better-developed 
understanding of MOF architectures, we articulated the complete space of 
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three-dimensional symmetry combination materials (SCMs) that can be 
created through the combination of two component protein oligom- 
ers [19]. The geometric rules for filling out that design space should guide 
many new studies. Improved computational methods for designing pro- 
tein assemblies are also developing. New machine learning methods 
promise to make important advances along that front [20]. 
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Omar Yaghi 


I think we will just open the presentations for discussion. Questions from 


any of you about anything that you have in mind? 


Kurt Wüthrich 


Well, the word complexity has been very frequently used since yesterday. 
Should we not try to define what we really mean with complexity? Is it 
size? Is it lack of symmetry? Or is it too many panels on a single slide? Is 
it dynamics, where we add at least a fourth dimension to describing 
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structure, I mean time-dependent fluctuations. Is it a lack of periodicity? 
How do we define complexity? The word was used so many times in dif- 
ferent connections since yesterday, that I think it would be very nice if we 
could come to some conclusion on what we want to say with complexity. 


Omar Yaghi 
Nature of course is the best teacher and, I think, complexity, for me, means 


the presence of a variety of interactions — weak interactions, hydrogen 
bonding, hydrophobic interactions, polar interactions — within an entity. 
But also, there is a landscape of energy, different energy levels that elec- 
trons can travel through. And also, there is a gradient, not just a gradient 
of composition, although that is a very important one, the gradient of 
composition, a gradient of interaction, a gradient of energy levels. And of 
course, there is also hierarchy in terms of structure, there is a hierarchical 
arrangement of molecules or compartments. All of those come together. 
And, of course, you want this to have a purpose. And, hopefully, direction- 
ality. I think all those things define complexity. My comment yesterday 
about supramolecular chemistry is that you can create complex systems 
very easily. But to control them, and to have directionality and purpose, is 
much harder. I think you saw today that we worked very hard, all of us, at 
making ordered systems. And now, because you can modify those ordered 
systems in different ways, covalently and non-covalently, now you can 
begin to build complexity without falling into chaos, which I called goo. 
This is the ideal area of growth, the marriage of supramolecular chemistry 
to what reticular chemistry was. 


Makoto Fujita: 
It is exactly the same question as I had yesterday. We should discuss what 


are complex systems or complexity. First, let us think of assembly. Weak 
interactions work between or among any molecules. But there are many, 
many miserable assemblies. Then we should not say this is the assembly. 
Only when the ordered structure is formed, then we can say that this is 
self-assembly or assembly. So, the order of the structure is necessary. And, 
in the same time and in a similar way, in complex systems, by networking 
there are many chemical events. Some order should generate, something 
ordered should be generated. In my opinion, the generation of constancy 
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or, in biology, homeostaticity: by the networking of many chemical 
events, the system will try to keep their constancy in the system. Maybe 
most people are interested in the life system. The most, the best complex 
system is life. And homeostaticity could be a target of the complex sys- 
tem. So, we should aim at self-constancy systems. 


Joachim Sauer: 

First of all, complexity is not disorder. And if we talk about complexity, 
there are different dimensions. Lots have already been said about com- 
plexity of structures. There are different organizations at different levels, 
and there may be a hierarchy. There is also complexity in the dynamic 
behavior, if different parts of the system have different time scales, are 
doing things at different time scales. And there is complexity in the reac- 
tivity: you may have a system where you may have just one or two impor- 
tant steps, but then you may have, in heterogeneous catalysis, reaction 
systems where you have possibly 130 steps to take into account, including 
heat and mass transport. So, there are different dimensions. And when it 
comes to, you have asked this question, symmetry, also the absence of 
symmetry is not complexity. It would be that you have in a structure, at 
different levels, different symmetries that you make. You have building 
units that have some symmetry, and then you have an organization, which 
may have a different symmetry or no symmetry. 


Arne Thomas: 

After all these very elaborated answers from my colleagues, we probably 
also have to confess and be honest that complexity is often just another 
term for “we don't understand". When I read "there is a complex reaction 
mechanism", “there is a complex structure" or something, very often this 
just means “I don't understand this structure" or “I don't understand this 
complex mechanism". This is just something we have to be careful with. 
Always this “complexity” sounds better than “I don't get it". I do think to 
understand complexity, one has first to reduce complexity. This is why we 
all try to make more defined materials to have a chance to understand these 
materials better. And it would be for me a less complex material, though it 
might be a multifunctional material, but as long as I can understand what 
happens in this material, I say then this is not complex anymore for me. 
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Xiaodong Zou: 

Regarding complexity, I agree with Arne Thomas that you do not under- 
stand, but we should actually make use of these opportunities. We usually 
think about simplified things, like you want to look at one material, pure 
phases, and simple structures, but the systems are complex, in the form of, 
like, when you talk about the functionality. It can be used in different ways 
of generating materials in the complex system, or in trying to understand 
this complex system, and in being able to have characterization tools, to be 
able to develop, to study, this complex system. So that changes the com- 
plexity, until something we really understand maybe becomes simple. 


Chad Mirkin: 

I do not have a lot to add. I think it is a term. First of all, I did not use 
it, I want to say that, and I do not think you heard me use it. But second, 
I think it is very similar to the whole evolution of the term self-assembly, 
which meant many things to many people. The substance of it, is that 
complex multicomponent systems often have properties that go beyond 
subunit-based systems. And that is an important pursuit, understanding 
primary structure, secondary structure, tertiary structure, and then func- 
tion that correlates with that structural understanding, that structural con- 
trol. To me, that is the ultimate goal in all this: how do you begin to zip 
together subunits to create structures that are “complex”, but more impor- 
tantly, have properties that you cannot realize from the subunits them- 
selves. I think there are many examples that we heard today and yesterday, 
frankly, and there will be many more from that type of pursuit. 


Kurt Wüthrich: 

I would like to follow up with a specific question to Professor Fujita. You 
showed to us that with a single parameter, you could go to higher order 
structures of a given type. Now does this mean that you get more com- 
plexity, or, because you now handle this with a single parameter, it is 
actually a simple system? 


Makoto Fujita: 

In my understanding, the complex system is on the next hierarchy of the 
ordering. Weak interaction of molecules can induce their self-assembly 
events. In a similar way, weak interaction of chemical events, so chemical 
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reactions, can induce their self-ordering of the system. It is not there are 
events among the molecules. So, I do not like to use the term complexity 
or complex system for making a structure from molecules only. It is not 
the assembly of molecules, but the assembly of chemical events. 


Omar Yaghi: 
I think complexity is not necessarily or should not be confused with com- 


plicated. 'That is why my description originally is a structural based 
description. I do like the idea that complexity produces a function that is 
much larger than the sum of the parts, and I think that is important. So to 
me, glass is not complex. There is no recognition, there are no weak inter- 
actions, things like that, that you can talk about in terms of function and 
things like this, but hemoglobin is complex. 


Ben Feringa: 

Another aspect of complexity: you guys make all these fantastic well- 
organized structures. When I talk with my colleagues in solid state physics 
about properties, it is always about step edges, defects sites, all these 
things, which determine the properties ultimately to a large extent. Could 
you comment on that? Because that adds another dimension of complexity 
to the system: to go to real functions. 


Omar Yaghi: 
I think every system is complex at some level. I mean a lot of the struc- 


tures that you saw, if you look in detail, these are average crystal struc- 
tures, and there would be defects. If you look at them in a TEM, you can 
see sometimes missing linkers, you can see rings that are supposed to be 
hexane and some of them have five membered rings, some of them have 
seven member rings distributed here and there. So to me, if you look at all 
these systems in great detail, and move away from the average structure, 
they are very complex systems. Which reminds me to also say that 
complex systems also have perturbations along the landscape of the 
composition. 


Arne Thomas: 
I think also important is, of course, to talk about the difference with solid- 
state chemistry structures, where, as you said, point defects, step defects, 
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and so on, have a huge influence on the bulk properties of such materials. 
Most of the materials we were talking about are actually molecular enti- 
ties, which are connected by strong bonds. It is actually then the molecules 
that count, and not so much the bulk property. If you think about hydrogen 
storage or CO, separation, or what I have shown, there is actually a cata- 
lyst sitting there. If there is a defect, I have the feeling, it is not making 
such a big effect like in the solid state structure, where you look at the bulk 
property band structure, and so on and so forth. We see that, when we 
really get out of crystallinity, that then the properties of such materials 
change. So, we should not go away too much from the ordered structure, 
then something changes, but as we are actually talking most of the time 
about the function of the molecular entities in these materials, it is ok, 
I think, and there are some termination defects or something. 


Ben Feringa: 
I am happy to hear that. Because all the time with these band gaps, the 


energy levels for conductivity but also for catalysis and so on, and also we 
know from zeolites: that plays a crucial role. So, engineering these kinds 
of sites might be another challenge for the field. 


Chad Mirkin: 

But it is more complex than that and more difficult than that. Take the 
synthesis of the particles that I talked about. We can beat our chest and we 
can make 225 million distinct particles on a surface, which is true, in a 
four by four centimeter area. But when you get down to the individual 
particles, no two particles are exactly the same, the orientation of the par- 
ticles, or even the composition differs. So the way we get to that is actually 
to use numbers, to use redundancy, to use the ability to make many things 
that are effectively the same, and look at all of them in one shot. Let us 
not miss one because of some of aberrations you are talking about, and 
then focusing on the actual structures that are giving us the activity that 
we see. But it is a difficult problem, because these systems are multipa- 
rameter, and their complexity makes them interesting, but also makes it 
very difficult to really pin them down. 
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James Liao: 

If we try to define complexity, perhaps we can borrow the definition from 
mathematicians, where complexity is a property of a non-linear system. If 
you have a linear system, then typically you can predict everything, from 
the beginning to the end. It is completely predictable. If you have a non- 
linear behavior, nonlinear structure, sometimes you get to this bifurcation 
behavior, and all kinds of these strange attractors, strange behavior, 
emerge. So that is one line of origin, from where the word complexity 
came from. But now we use that word in the chemistry context, where 
things are more static, that is not that dynamic, but I am sure we can find 
something that is analogous to the dynamic complexity that mathemati- 
cians use. 


Joachim Sauer: 

Coming back to Ben Feringa's question about the role of defects and 
steps. We have already discussed, and I have mentioned it in my presenta- 
tion, that you may have imperfections, and they may play a big role. I have 
briefly shown largely varying isotherms measured for the same nominal 
material, which change loading per metal site between two and four mol- 
ecules per site. And if you look in details, this has to do with the synthesis 
process, so the role of steps and these things. So when it comes to elec- 
tronic properties, then of course we would have the same problems as they 
have. If we have transition metal ions, the electronic structure maybe dif- 
ferent if we have defects in the system. And if we go to diffusion, for 
example, then the question appears what happens at the surface of the 
crystallite. From zeolites, we know very well that there is this discussion 
of a possible barrier and the effect on the intracrystalline diffusion, in-out 
diffusion, and then the transport in the mesopores of the particles, which 
is finally in the interest of the user of these materials. 


Xiaodong Zou: 
In terms of defects, I would say that all these deviations from the periodic- 


ity of structures — for example like multivariant structures where you do 
a functionalization so that you have different functions, and also the 
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metals can be changed — generate multiple components in your structure. 
I think this actually will be a very positive way of making new functions 
into the material. Of course, the characterization will be challenging, and 
it needs to be developed. 


Ben Feringa: 
I had no intention to make a negative comment, I just wanted to say that 


defects and all these kinds of things are intriguing and offer all kinds of 
opportunities, and Nature probably knows how to handle it. I again refer 
to a cell. There are many things that a cell knows how to control, and in 
catalysis, for instance, this plays a key role. It offers also a lot of opportu- 
nities for us, to introduce function and so on. 


Donald Hilvert: 

You have shown all these beautiful structures, and it looks like the chemical 
instruction to create them is fairly well understood. How reliable is your 
ability to impart specific functions on these structures, and is it always 
mediated by adding specific metal ions, are these new coordination sites, 
or additional functionalities? 


Omar Yaghi: 
I can give you the example of water, because we ultimately figured out 


exactly the absorptive sites of each water molecule in a structure, exactly 
how the water is sitting, exactly the hydrogen donor and hydrogen accep- 
tor in the structure, and exactly the geometry of how it is sitting. Now you 
can design, incorporate linkers that will enhance or strengthen the interac- 
tion or weaken the interaction, depending on what you really want, and at 
what humidity you want to take up the water. So there is a lot of design 
going on there. I think in terms of designing the MOF itself, because of 
the multi-metallic nature of the sum of the building units in MOFs, there 
is always uncertainty whether you are going to get a six-connected multi- 
metallic unit or a four-connected one. But once you make one member of 
a family, you can develop the rest of it, change the matrix functionality 
and everything like that. You can know a lot about the system. With COFs, 
that is completely different, because the COFs, like what Arne Thomas 
was talking about, their building units do not change during the reaction. 
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Only the linkage between them is what forms, and so they remain the 
same. So, in fact, they are made by design, because the building units 
remain intact during the reaction. So, there is a lot of design in COFs, 
there is a lot of design once you understand the system in MOFs, and 
especially if you are lucky to get the absorptive sites of gases, then there 
is a tremendous amount. That is why in my talk yesterday, I said we chem- 
ists are surgeons, because you could instead of a pyrazole dicarboxylate 
linker for a harvesting MOF, you could introduce an oxygen in a five- 
membered ring, a furan dicarboxylate, in a structure exactly the same as 
the one with the pyrazole, thereby weakening the interaction between 
water and the framework. And you could also mix those two together and 
modulate the hydrophobicity, so you can do a lot. 


Chad Mirkin: 

Itis a really interesting question, because I did not make it clear. A distinc- 
tion between how molecular architectures are engineered and how col- 
loidal crystals with DNA are engineered, is that while we talk about the 
particle building blocks' atom equivalence, there is a fundamental differ- 
ence, and that is that the bonding is independent of atom identity, and that 
is just not true in conventional chemistry. That actually dramatically sim- 
plifies the design space, because it now distils down to geometric argu- 
ments, and how things fit together to maximize duplex formation or 
hybridization. And what that allows you to do now, is engineer structures 
that we do not even see in Nature. I mean, we have now six that have no 
mineral equivalent. It allows you to dial in bond length, based upon the 
length of oligonucleotide. It allows you to dial in crystal habit, which you 
cannot do with conventional systems. And the reason that is so important 
is — connecting with what you said, that it feels we have now the design 
space down — that it is down. It is getting to the point where there will be 
computational programs that if you want to build a particular structure out 
of particles, the program will spit out the particle building blocks, the 
oligonucleotide sequences, required to get there. And then you can flip it 
around and do exactly what you were talking about, which is go to the 
physical scientists and say: “What property would you like? What struc- 
ture should exhibit that property theoretically?", and I will make it based 
upon these design rules. And that is what I think is so exciting and what 
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I tried to share in the last slide, that we are getting to the point where we 
can design these types of materials properties not found in Nature, and 
properties that you design ahead of time and do not discover by 
happenstance. 


Nicolas Giuseppone: 

Related to the question of Ben Feringa and defects in your materials, but 
not related to the functions, just to the way you form your materials: 
Professor Yaghi, you mentioned that you use for your reticular approach 
less kinetically labile interactions than in supramolecular chemistry. So 
I am wondering how much relies on the correction of defects when you 
form your self-assemblies, or relies on the directional kinetic progression, 
crystallization of your material? And I would have the same question for 
the discrete MOF of Professor Fujita: how labile are they? Because you 
have shown this magic ring catenation, and I am wondering, looking at 
that, if in your MOFS, for instance Professor Yaghi, you can have recon- 
figurable structures. Can we for instance imagine catenation of 3D MOFs 
and materials brought from this approach? 


Omar Yaghi: 
Catenation of framework is a very interesting example, because when you 


make a MOF, let us say based on a primitive cubic structure, it naturally 
will want to interpenetrate. If the pores are large enough then it will self- 
interpenetrate. We think that this is happening at the very initial nucleation 
of the framework. Remember, what you are doing in the crystallization is 
you are trying to balance two things: you are trying to balance the self- 
correction with the kinetics of the reaction, to get you to form a crystal 
that you could see or you could analyze. So, along the way, depending on 
your reaction conditions, you could make a defective structure. And some- 
times, we happen to look at it in TEM, sometimes we will see those 
defects in some of the granules that we are looking at. There are systems 
that no matter how large the pore gets, they will not interpenetrate. 
Mathematically it is just not possible because the synthesis codes for a 
certain connectivity, certain coordination, and in order to have that inter- 
penetration you need a different coordination, and therefore it does not 
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happen. So I would say that a lot of the defects have to do with how you 
make the material. Sometimes, in some cases, some people have been able 
to introduce defects in a systematic way in a crystal, where they yank out 
one of the linkers at periodic intervals and then insert another linker with 
a different functionality at those sites, and this is proven through single 
crystal to single crystal to single crystal transformation. So it is done on 
the same crystal. 


Makoto Fujita: 

Even in the solid state, we sometimes observe the “magic rings" type 
behavior, I mean there is a kind of phase transition from the interpene- 
trated framework to the non-interpenetrated framework in the single crys- 
tal fashion. There are several examples. That means in microscopic views, 
even in the crystalline state, it behaves like in solution, it behaves like a 
liquid. So, although it is a crystal at macroscopic levels, it can still behave 
like a solution. So interpenetrated frameworks can be transformed into the 
non-interpenetrated framework. 


Peter Palese: 

We have heard about these wonderful structures in molecular entities. Are 
any of those new compounds toxic in humans or to humans? Do they 
cause cancer? Is there any concern for people working with them? Is that 
something which has come up? 


Chad Mirkin: 

I can give you an answer you probably will not expect, but the building 
blocks themselves, in the case of our particles we called them program- 
mable atom equivalents, the other term for them is a spherical nucleic 
acid, they are actually used as drugs, and they are in six clinical trials, and 
in certain cases to cure different forms of cancer by gene regulation type 
pathways. That is probably not what you expected, but the interesting 
thing is that they have the property that they will go through your skin, so 
there is a concern working with them. We have to utilize a lot of protocols 
to make sure that we minimize contact, but we use that to actually create 
pathways to drugs. 
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Omar Yaghi: 
There is an article in the Wall Street Journal today about Wenbin Lin’s work 


at the University of Chicago on using MOFs for cancer therapeutics. 


Karla Kirkegaard: 
I was very intrigued by the topological consequences of some of your 


synthesis, and I was thinking about topology from biology. Sometimes, 
I guess, the interpenetration involved free ends, but sometimes you can get 
changes in topology that have to do with the reversibility of the bonds that 
you make. You break and rejoin them on the other side of what you pass 
through. I was wondering if you think the topological changes that sur- 
prise us have to do mainly with interpenetration, or sometimes it is the 
reversibility of the bonds that you make? 


Makoto Fujita: 
Nature uses many strategies for making interlocking structures. Sometimes 


it is very similar to ours: small fragments are preorganized, then enzymes 
will link the precursors to make highly complicated structures. And some- 
times, just a single protein strand can fold and spontaneously knot. And 
previously, the number of knotted proteins was not so large, but in recent 
years, many, many knotted proteins were found. So, Nature has many 
strategies to make knots. 


Karla Kirkegaard: 
But in your case, you think it is a condensation of small pieces? 


Makoto Fujita: 
In our case, yes. 


Omar Yaghi: 
It would be interesting in his systems, because they are very dynamic, to 


take two entities that he made of different sizes, and try to not link them, 
but more, like join or melt them together, fuse them together, into some 
regularly shaped thing, and then in a reversible way. I do not know, have 
you tried that? 
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Makoto Fujita: 
No. 


Clare Grey: 
It is really a sort of challenge to the panel and particularly to Chad Mirkin 


and others. A lot of these processes are very close to room temperature, 
and as an inorganic chemist you are really often restricted to binary 
oxides. I think the organic PVs in the lead-based halide perovskites are a 
beautiful example of where they can be processed to room temperature, 
and you control things. But I just wonder what the panel thinks about now 
trying to go up in temperature and explore a much wider range of materi- 
als and properties with the same sorts of unique, and very careful and 
precise approach? I know in metal-organic frameworks you use hydro- 
thermal processes, but still you are restricted in the classes of materials 
you can do, for example, by doing these room temperature methods. I just 
wonder where the next directions are in terms of expanding the types of 
materials by putting temperature, and controlling of kinetics of reactions, 
to then get different classes in materials? 


Chad Mirkin: 

I may have left something out that was key. In the making of the particles 
in the chip, that is done at 500 to a thousand degrees. So those are high 
temperature materials. We can make high entropy alloys and lots of struc- 
tures. You have seen quenching protocols, they can be employed. So those 
are materials that in fact are very compatible with high temperature. We 
can also make low temperature materials, like the perovskites, that is crys- 
tallization type of processes as opposed to a thermal degradation process. 
In the DNA based structures, those are inherently materials that are stable 
between room temperature and 220?C, depending upon the solvents you 
use and how you make them. But once made, they can and have been 
moved into solid state supports, silica for example, so that you can control 
architecture at low temperature and then move to supports that allow you 
to work at high temperature, to create all sorts of interesting catalytic 
architecture, for example. 
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Omar Yaghi: 

I think in terms of the MOFs and COFs, there is a range of temperature 
from room temperature all the way to 300—400?C for the triazine frame- 
works. You want to stay cool enough, so that you do not burn off the C-H’s 
that you need to introduce functionality down the road, right? Otherwise, 
we will finish off with graphite, which is not functionalizable or not as 
easily functionalizable. So I think you have to keep that in mind. There is 
a lot that you can do within 400°C. 


Arne Thomas: 

I agree, of course, that when you are working with organic materials or 
metal organic materials, you are restricted in temperature at some point. 
Already when you go to 500°C to make a synthesis, you see a lot of car- 
bonization going on and then you are back to a carbon, which is a com- 
plicated material. I think, actually, the challenge we have is not so much 
going high with the temperature, but finding other covalent bonds where 
we can induce reversibility. The first COFs, were boroxine COFs from 
Omar Yaghi. If you put water on them, they dissolve again. Then came the 
imine networks, which are much more stable. And now we made vinyl- 
bonded bonded COFs, I do not want to go into detail, but these are C-C 
bonded, entirely C-C bonded COFs. No one thought ten years ago that 
it could ever be possible to make such a bond in a reversible fashion. 
And there are much more out there. This will be the way to go, I think. 
Temperature does not help so much there, but other tricks, so to say, to 
induce the reversibility. So far there has not been made any COF which 
is, for example, by transition metal coupled C-C coupling reactions. This 
is so far not possible. Any chemical reaction, any covalent bond is revers- 
ible of course, in principle. When you do Le Chatelier and actually get 
out, for example, some bromide as a potassium salt, then you shift the 
equilibrium so much to one side that you actually restrict reversibility. 
And this is something we all think about, I guess, because new linkages 
are always something which is interesting for us, as we add another point 
of functionality to a network. 


Xiaodong Zou: 
We have made use of temperature, also concentration, to modify MOFs 


because of the bond reversibility, so that you can extend, exchange the 
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linkers with different functionalities for the post synthesis processes. And 
also to expand the pores to larger ones, to change linker with a longer 
linker. And also to change topology, making use of this reversible self- 
assembled bonding. So in this, temperature is a parameter to play on. 


Omar Yaghi: 
I just want to say that if you want something higher than 400°C then you 


just work with carbonitride, but you will not get the functionalization that 
you would want, because now you are in the inorganic regime. 


Gerald Joyce: 


I have a question about informational complexity. You were talking about 
multivariate MOFs and differential occupancy within the lattice, and you 
raise this really intriguing possibility that there could be a linear ordering 
with regard to what the occupancy is. And of course, that information only 
has value if it could be propagated, if it could be read to an output channel. 
So, the question is: are there nearest neighbor effects, or what is the poten- 
tial for nearest neighbor effects if you have a linear ordering? If it is peri- 
odic, that is boring. If it is a spin glass, that is boring. But if it is aperiodic 
and can be propagated, read out through nearest neighbor effects, then that 
is informationally interesting. So, what are the prospects for informational 
complexity of those systems? 


Omar Yaghi: 
What I love about those systems is that you are taking a very repetitive 


crystal and you are superimposing unique sequences of functionalities, of 
organic functionalities, or even you could do it with the metals, along the 
entire crystal. So now, if you are a substrate moving along the crystal, you 
are experiencing different microenvironments all the way from the begin- 
ning to the end. And we do not know anything about what is that sequence, 
but we know what the functionalities are, we know where they are, we 
know their ratio, we can vary all those components, so it is not a com- 
pletely unknown system. So I think this is a computational problem. Let 
us say that I have a property, a catalytic reaction, that is sensitive to input 
and output. You can put in 10000 things and then look at how the product 
varies, and then work backwards to get to what potentially that sequence 
might be. I have no doubt that you can come up with that. We do not have 
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enzymes, like biologists, that can sequence that for us, but this is our poor 
way of doing it. The problem is that we, as chemists, are very uncomfort- 
able with this. We like to make things, then characterize them, study their 
properties, and then push them to application. And what I am proposing, 
is that we skip the characterization and just use the system like a black box 
in terms of the sequence, and then let the computation and the machine 
learning give us some guesses as to what is going on. But we do see aggre- 
gation, as I mentioned, with NMR, you can do Rotational-Echo DOuble- 
Resonance (REDOR) NMR on these. It does not give you information on 
the molecular level, but in terms of the nano regime, you do see aggrega- 
tion of one functionality relative to another. And in terms of the function- 
alities interacting, if they are fat enough, they do interact, and that does 
influence where they sit in the sequence. 


Bert Weckhuysen: 

We talk about thermal stability, but I think there is also something else 
important in, for example, catalysis. Are you stable in a solvent, water? 
What when there is, like in electrocatalysis, electrons and charging, pH? 
All these things when we would move to photo-, photoelectro-, or electro- 
catalysis, what would then happen with material? In zeolite or other het- 
erogenous catalysis, what we sometimes have, is that the inorganic 
structure, even as perfect it is, will become partially in solution. Something 
is happening at the interface between the solution and the catalytic sur- 
face, and then after reaction it precipitates again. So we sometimes make 
the analogy, it was already made between other materials, zeolite is one 
example of it. What about metal organic frameworks, COF materials, etc, 
and do you see similar things? 


Arne Thomas: 

Probably, one general comment on stability, and actually Omar Yaghi can 
tell much more about this, I think, he has experience of 20 years. The 
people come and say: “But your MOFs are not stable, right, and your 
COFs are not stable". I think there is misunderstanding in this because the 
inorganic chemists were the first ones who were actually interested in 
MOFs, of course, because there is crystallography and something in there, 
and they compared materials all the time to mesoporous silicas, silica 
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alumina, and so on. When we think about stability, we have of course, and 
there you are totally right, to think of what kind of conditions we have. 
I can just give you an example. I have one material which is made, you 
just look at it with wet eyes and it will flow away because it is absolutely 
not stable under humidity. But it is an anionic framework, and you can put 
it into an application where water is not present, like in a lithium ion bat- 
tery, for example, in a membrane. And there, it is super stable and can do 
lithium channeling through this membrane. That is just one example. Of 
course, you think about catalysis, I fully understand, and there we will not 
do steam reforming with MOFs, I guess, and also not with COFs. If there 
is high temperature and water involved under these conditions, they are 
just not made for this. In electrocatalysis and photocatalysis, there is 
always the issue of photooxidation, for example, bleaching, which is hap- 
pening. For example, these acridine dyes are known to photo-bleach with 
some time. We are not really good in making long-term tests: our long- 
term tests always mean 20 hours, and then we analyze the materials, and 
if it looks like before, everything is good. So therefore, I cannot give you 
a definite answer, but I think there are enough materials reported, for 
example Omar Yaghi talked about the new material for CO, separation, 
which is made in kilogram, ton scales, now in industry. They tested cer- 
tainly for a long time. 


Bert Weckhuysen: 
I want to bring this to the positive side because, sometimes, what you have 


in heterogeneous catalysis is that you bring something in solution, and it 
is actually having an additional effect on the reaction mechanism. So, you 
could have like a heterogeneous-mediated catalysis, but it is still some- 
thing at the near-surface that is happening. I think maybe these materials 
could also bring that to life, that is actually a positive thing of leaching. 


Omar Yaghi: 
I think the stability is a positive thing. It is just that Arne Thomas did not 


mention that, when you have olefin backbone COFs, they are stable in 
strong acid, strong base. It is not a secret, it is published. And even in cor- 
rosive environments, like n-butyllithium. It is a carbon-carbon bonded 
network, so the question of stability is an old question, it is no longer 
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there. We got MOFs that are cycling a hundred thousand cycles of water 
uptake and release in the middle of the desert, with absolutely no impact 
on the MOF. When you look deeply into what is happening in that MOF, 
there are water molecules that are seeds, and they stay in the MOF, and in 
a way they protect the MOF. We do not take them out, they just stay in 
there. They only represent less than 5% of the uptake. In terms of COFs, 
the stability issues are not there at all. You can cook them up in strong 
acid, strong base, nothing happens to these olefin COFs that we reported 
two years ago. 


Arne Thomas: 

Still, there are some materials where it could happen. Yesterday there was 
a question, I am not sure who asked, which sounded a bit like: what is 
better, homogeneous or heterogeneous catalysis? I have the feeling this is 
the answer what we have here, because we have molecular catalysis and 
an open framework structure. Some of them, for example, are anionic 
solids with immobilized cationic molecular catalysts. And then you 
cannot actually differentiate between homogeneous and heterogeneous 
catalysis, because the catalyst might work in solution, but if you filter the 
solid material, also the catalyst is separated. This might be exactly the 
effect you are referring to, and it happens in some of these materials too. 


Omar Yaghi: 
I think you also have to think about the applications, because you do not 


want everything to be a rock. You have to think about what kind of appli- 
cation you need, because in some cases you want the MOF to break apart. 
In fact, with the pesticide application, you want to encapsulate the pesti- 
cide in a MOF that, when exposed to the atmosphere, slowly releases the 
pesticide. So, it just depends on what kind of application you have. 


Henry Snaith: 
It is a very fascinating concept for the billions of material-manufacturing 


discovery processes. Two questions related to that. One is sort of a practi- 
cal question: how do you get the different materials and compositions on 
the tips, before you put them into whatever vessel or whatever substrate 
you are synthesizing them on, or growing them on? How do you mix the 
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compositions to address all those? The second question is, there is a real 
challenge when trying to discover new materials. Firstly, you have got 
compositional space, but then you have got how you have synthesized it, 
the quality of the material. And you can synthesize things badly and then 
they can appear badly. And that is related to also how you assess the mate- 
rial, and how you are characterizing these billion samples on a 2 by 2 cm 
substrate. Is this aspirational or do you have methods that you characterize 
these materials with already? 


Chad Mirkin: 

To me, there are three silos that are being built. One is synthesis: what can 
we make? Two is screening: what are the structures that are active, what 
are they actually doing? And the third is data collection and using that to 
train machine-learning and artificial intelligence. So we kind of work on 
building-up all three of those up in parallel. Remember that everything is 
position encoded. So, each feature is a discrete material, that is a big dif- 
ference with the inkjet type synthesis, which people often refer to as spray 
and pray. In thin films, where you got a lot of heterogeneity, every site is 
a single particle of a fixed composition. How do you get that? The com- 
mercial print heads have 160000 elastomeric tips, all nanoscopic in terms 
of sharpness. They are uniform, that is something that we worked out over 
the last decade in half. We spray a precursor on those arrays, that varies in 
composition, from left to right. So, when you do that, every tip is printing 
a reactor that has a different set of precursors. These elastomeric tips are 
compressible. In the instruments, if you tilt them, the left side comes down 
first and makes big features, because the tips compress. The middle makes 
some medium features, and the right side makes very tiny features. So, in 
one shot, you can not only make 160000 different features with respect to 
composition, but different with respect to size. That takes a fraction of a 
second, to make the precursors. Do it over-and-over-and-over-again. That 
is how you get to millions and billions very quickly. And then, everything 
is processed in one shot and converted into particles. So, all the different 
reactors have different volumes and different numbers in ratios of ele- 
ments, but they got fixed positions. And now, you screen, and you collect 
your information. You look at where do we have activity — we are choos- 
ing to use electrocatalysis as the main driver with calorimetric indicators 
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to tell us where we have hotspots. And then we go in and do exactly 
what you said. If this is a hotspot, we go in and structurally characterize 
that and understand whether it is a discrete particle, or was it an error — 
because that would be a problem. And if it is a discrete particle, we are 
now at 95% being particles that are fully intact. What is the composition? 
How is it presented? Making it many times over to see if we can make it 
over-and-over-and-over-again to create structures that exhibit qualitatively 
and quantitatively similar properties. But it is a challenge, and it is one 
that we have been working on, but there is a lot going on. There is a com- 
pany called Stoicheia that we started, and a big investment is being made 
in this space, for obvious reasons. This is a way to look at materials really, 
really, fast, and we think it is going to yield some winners pretty early in 
the process. 


Omar Yaghi: 
I just have a follow up from Henry Snaith’s question. Are you making 


compounds? What I mean by that, a compound has a well-defined com- 
position. The things that you are making, are they compounds? And if 
they are, what are the chemical formulas? 


Chad Mirkin: 

It depends upon the materials that we are looking. In case of the halide 
perovskites, we are definitely making compounds, with well-defined com- 
positions, ratios, and structures. They are characterized at the X-ray level. 
In the case of the particles, the heterostructures, those are alloys and het- 
erostructures that consist of different domains that have been merged 
together. And in many respects, it is kind of interesting they even form, 
because you could imagine a situation where instead of forming one par- 
ticle with four different phases all merged together, they could form four 
different particles. But the conditions of the experiment typically drive all 
of them together, as I showed in the 7-element library. 


Omar Yaghi: 
If these alloys, are not compounds, then how can they be reproduced? Or 


do you mean you do know the exact ratios of those? I am having trouble 
understanding how these compositions can be reproduced, like the alloys 
that you just mentioned. 
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Chad Mirkin: 

The thing about molecular chemistry is that I can make a mole of mole- 
cules, where in principle every molecule is the same. With particles above 
a certain length scale, I cannot make a mole of particles where two parti- 
cles are the same. So, there is an average structure, defined by composi- 
tion and general phase, and that is how they are characterized, identified, 
and reproduced. But I would have to tell you that, for the vast majority of 
the catalysis, that is what we work with, what we identify, that is what we 
run with. The molecular approaches try to replace that, to use precision to 
exceed that capability. But in many cases it does not work, because you 
cannot work under the conditions that are relevant. Or it does work, and 
you find routes to go down that particular path. 


Omar Yaghi: 
I guess my question is, if they are not compounds, then how do you cal- 
culate the yield at the end? 


Chad Mirkin: 

You define an acceptable set of parameters. Just like in any heterogeneous 
material, you define what is an acceptable product, based upon general 
size. What is the dispersity, greater or less than 1096? What is the elemen- 
tal ratio? How far does it deviate from that? You define, as the user, what 
is acceptable. And you can drive yourself nuts with it. If you drive it down 
to an individual atom, you know, you will never get to an ability to make 
structures of interest. But the good news in this space: for a lot of the 
materials that are very useful, average structure and control over many of 
these parameters, within the set of possibilities, gives you the ability to 
make materials exhibit generally reproducible properties and properties 
can be used, especially in the area of catalysis. 


Nicholas Turner: 

Continuing the application theme, several of the speakers discussed the 
encapsulation of proteins, including enzymes, in MOFs, COFs, metal 
peptide frameworks, which I found very interesting. So I started to think 
about what would be the sort of advantages or also some of the challenges 
in putting enzymes inside some of these frameworks. Stability, I can 
imagine a protein would be stabilized by encapsulation, that would be 
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advantage. Porosity, I think is interesting, because when you immobilize 
enzymes, they are often mass transport limited depending upon the immo- 
bilization and encapsulation method used, so that could be interesting. 
Separation is an obvious one, you might want to have enhanced separation 
technology. Leaching or lack of leaching, which was mentioned earlier, is 
very important. If you make pharmaceuticals and if you use a biocatalyst 
in the last or penultimate step, it is very important that you establish rigor- 
ously that there is no protein component in the API, for obvious reasons. 
I wondered just to finish off, whether you could encapsulate two different 
enzymes within a MOF? I do not quite understand how you do this, but 
I would be very interested to know. If that is possible, then one can imag- 
ine building encapsulated cascades, potentially. I would appreciate any 
feedback or comments on any of those questions. 


Makoto Fujita: 

The encapsulation or spatial isolation of proteins is a very interesting and 
challenging topic in both MOF chemistry and in our cage chemistry. So, 
let us think about the instability of proteins. Proteins often easily denature, 
unfold. But most of the degradation steps initiate through the aggregation 
of proteins. Finally, it precipitates. It is always a major pathway of the 
degradation of proteins. Once the protein is isolated, so physically iso- 
lated, they have no opportunities to aggregate with each other, then the 
protein will be remarkably stabilized. Maybe the same phenomena were 
observed both in MOF chemistry and in the cage chemistry. Regarding a 
previous question, there are several examples of wrapping proteins by 
polymer matrices. But the proteins are too much biased and enzymatic 
activities significantly changed, reduced. But so far as we experienced, 
its chemical nature, including the enzymatic activity, does not change 
while it becomes very stable because their aggregation is completely 
prevented. 


Xiaodong Zou: 
It is possible to immobilize more than one enzyme in the pores. There are 


MOF materials with different types of cages, and you can first immobilize 
the larger enzymes, and then the next step is to immobilize the smaller 
enzymes into the smaller pores. 
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Chad Mirkin: 

In the case of DNA, it is actually trivial and done. You can take almost any 
protein and modify the periphery with oligonucleotides, and use the same 
design rules and program crystallization. In fact, you can get higher qual- 
ity crystals than you get with the particles, because the subunits are 
molecularly pure. 

This idea of building cascades: we have done as many as five different 
proteins and multiple different enzymes within one structure, and that is 
the exact direction that this is all headed in. Controlling protein crystalli- 
zation, where you do not pray for a particular crystal, but you guide its 
outcome based upon these design rules. 


Yamuna Krishnan: 
I was interested in why you chose to describe the DNA duplex connecting 


two entities as a bond, rather than as a linker, because in my view, bonds 
are a subset of linkers, that it is every bond is a linkage, but every linkage 
need not be a bond. So I was just wondering, if you could expand on that? 


Chad Mirkin: 

Itis a really good question. We wrote a review on the whole area because 
we cannot view each other going down this path with very different sets 
of principles, and he asked the same thing. I said the reason is, when we 
make these constructs, density is critical. We do not use a single oligonu- 
cleotide as a linker. If you recall, Paul Alivisatos did work where he kind 
of aligned particles on a DNA template. I call that linking, to me that is a 
labeling, it is very similar to labeling with a fluorophore. In this particular 
case, the density is critical. We load up the oligonucleotide on the surface 
of the particle, so the oligonucleotides were forced to stand upright and 
adopt the directionality imposed by the particle core. That leads to true 
bonding characteristics. That allows you to get valency, when you go from 
a sphere to a cube, to get an octahedral type of arrangement, trigonal pris- 
matic. It allows you to dictate architecture in a way where you can predict 
ahead-of-time bond lengths. If the oligonucleotides are floppy and 
allowed to all move and sample space in different directions, then you 
have no predictability in terms of bond length. Here, if I want to adjust 
bond length, every base I will add 2.6 Angstróms of distance between the 
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particles. It is perfectly linear, over really large distances. So, I truly 
believe in the context of these types of constructs where the oligonucleo- 
tide are loaded, the appropriate analysis here is a type of bonding. It is a 
bonding that we take advantage of, and this idea that bonding is independ- 
ent of atom identity gives you the design space that I have tried to 
articulate. 


Yamuna Krishnan: 

Prior to today, my understanding of a bond was something where the 
length, the angle, and in fact the covalent character, was set by the quan- 
tum mechanical descriptions of the atoms involved on either side of that 
bond. So, you are saying that we should now kind of free our mind of that 
construct, of how we perceive bonds? 


Chad Mirkin: 

Let us say, expand it. What do you think of the mechanical bond? There 
are many types of bonding. We are expanding the definition of bonding 
and how you ultimately use it. 


Omar Yaghi: 
I think the question is: is a DNA linker a bond? I think chemists are very 


fussy about what a bond is. And even the mechanical bond is an entangle- 
ment, and I agree it does not have a quantum mechanical description. So 
I think that the source of this question is: should a DNA strip be called a 
bond because it links two things together? How about we ask Professor 
Sauer? 


Joachim Sauer: 
First of all, I do not understand this. Can you explain me how is the DNA 


interacting with these things you are connecting? 


Chad Mirkin: 

In this type of situation, you have particles, they are not atoms. We call 
them atom equivalents and if you want you can call the bonds between 
them bonding equivalents. These particles are loaded up with oligonucleo- 
tides with sticky ends, so stretches of bases, single strands that can define 
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the recognition properties of the particle with respect to other particles. 
There is directionality imposed on the bond identity, the oligonucleotide 
in this case, because of the density of the oligonucleotides on the particle 
surface. And when you use these types of constructs in this way, you can 
begin to build matter, as I have said, that spans an incredible amount of 
phase space, where you can control lattice parameter, which we typically 
associate with bonding, with sub-nanometer resolution, over very large 
length scales, and you can realize crystal symmetries that have mineral 
equivalents and ones that do not. Finally, you can drive to specific crystal 
habits, because thermodynamically what is favored in this particular case, 
is to maximize bonding or pairing, oligonucleotide pairing. And so those 
principles allow us to make the equivalent of molecules and materials, 
crystalline materials, in a way that people have not done before. 


Joachim Sauer: 
I know that I am entering difficult territory, but would it not be a supra- 
molecular arrangement? 


Chad Mirkin: 

Not a doubt. It depends on the way you look at it. We used the chemistry 
metaphor in this case, the model, as a strawman, to say what we can do 
with particles as atoms and oligonucleotides as bonds that we do with 
conventional chemistry, where do we fall short, and where can we go 
beyond. And that has been kind of the framework of developing this field 
for the last 30 years, and it has proven pretty useful. 


Omar Yaghi: 
I think that the source of the confusion is that the chemical bond derives 


its attributes from the atoms that it links, and I think that the people who 
are sticklers for this, probably are saying: “Hey look, there is a strip of 
DNA, and it does not matter what stuff you have linking, on either end". 
I think that is probably the source of the question. 


Chad Mirkin: 
That is why I started up by saying it is the advantage that it is independent 
of atom identity, so nobody is calling this an electron bond. 
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Omar Yaghi: 
I think then it should be called a linker, because I could call terephthalic 


acid that is linking two clusters, a bond. 


Chad Mirkin: 
If you get directionality, yes. 


Omar Yaghi: 
It certainly does. 


Kurt Wiithrich: 

I have a comment to the question by Nicolas Turner. In my field, we have 
used inverted micelles to suspend functional enzymes in aqueous solution 
in a low-viscosity organic solvent, just to improve the quality of the NMR 
spectra. In spite of the very specialized use, I think it relates here to the 
kind of encaging that you all are talking about. 


Arne Thomas: 

In short, this is exactly what you said, you suggested. Everything was 
totally right about what are the advantages of immobilizing enzymes into 
MOFs or COFs materials. Then you said there might be also coupling, and 
also this has been done, using two different enzymes, as Xiaodong Zou 
said. But I think you can have a little bit more fantasy there and think of 
why just coupling two enzymes. You can also probably couple an artificial 
catalyst with an enzyme. And then, because we can compartmentalize 
the whole thing — Omar Yaghi got this idea of actually separating gas 
molecules — we can probably also separate solvent streams, so that you 
have one compartment where an enzyme can work with an organic cata- 
lyst that should work in an organic solvent that would normally kill the 
enzyme. We can actually have different compartments of a COF or MOF 
do different kind of catalysis and then transfer products to make a real 
cascade. Because this is a big problem, yesterday cascade catalysis was 
mentioned. For two catalysts working together for cascade catalysis, 
always all conditions have to be exactly working together: temperature, 
solvent, and so on. I have at least the hope, this is not done so far, but 
I have the hope that one day we will be able to do this in one material. 
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Ben Feringa: 

I hear a lot of interesting discussions about templating and precise organi- 
zation. As far as I know, for decades, people have tried to imprint in poly- 
mers, sticklers, to do polymer imprinting, like for instance a transition 
state for a catalytic reaction. As far as I know, they have not met with 
much success at all. Should we revisit this field, using your approaches, 
and getting real imprinted, for selectivity, for separation technology, for 
catalysis, all these kind of things, using your approach? 


Omar Yaghi: 
I will give you a free idea: I think you can evolve. The multivariable sys- 


tems are really fascinating, because when you take a dumb crystal that is 
not multivariable, and put it in a soup of linkers that are differently func- 
tionalized, you may be able to evolve a structure around your substrate. 
And after you have evolved it several times, several generations, you may 
have the best imprint for that substrate. I think that is one way to do it. I do 
not like the term templating from MOFs and COFs, because they are 
really being put together by those linkages, they are very directional, and 
the stuff in the middle does not seem to matter; it is just space-filling 
rather than templating. I like to think of templating as something substrate 
specific for the assembly of a specific MOF, and we do not see that. 


Ben Feringa: 

That is what I would like to hear from you, because in the traditional poly- 
mer synthesis, there was hardly any success with this approach because 
apparently the dynamics, the reconfiguration, the adaptive behavior was 
not there, but here there seems to be opportunities. 


Omar Yaghi: 
Yes, because the backbone is rigid, and then functionalities are the ones 


that are shaping. 


Makoto Fujita: 

We have once tried the guest-induced assembly of its own optimal recep- 
tor structure from a mixture of several different ligands. There is a com- 
plex mixture of the metal and just several ligands, but by adding specific 
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template molecules, its optimal receptor structure would be predomi- 
nantly assembled. We also tried to template with transition-state-like 
molecules, but unfortunately, we have not obtained good results. We actu- 
ally tried to do that imprinting in our self-assembly system. 


Stefan Lutz: 

I want to follow up on Nicolas Turner’s question about proteins in MOFs 
and COFs. Two parts. I would be curious about electron transfer. If you 
encapsulate an enzyme or protein in your type of arrangements, you 
showed the very nice example with the nickel catalyst, could this also 
work for the entire protein? And then thinking along the lines of just the 
last comment, talking about the evolvable container, but of course the 
protein can also be evolved to work optimally in that container, so here 
you are now looking at a system that can be improved in two dimensions. 
I would love to hear your thoughts. 


Arne Thomas: 

The first answer is yes, this we know already. I will not tell you too much 
about it, but it is working. You can encapsulate enzymes and you make an 
electron transfer, photo-catalytically or electro-catalytically. This is both 
working. It is a bit of a question, and now we come to the difficulties, and 
you know these of course. The question is how the electron transfer 
occurs. It is a little bit the orientation of protein and so on. So, there are 
many things happening in three-dimensional pores and the question is: 
from where is the electron coming? I cannot answer for the moment, but 
I can tell you it is working. 

Regarding the evolvable container, this is actually the same answer 
more or less, as the question is: how it orients? I think we have many 
opportunities, because we can change, and this is always what I say with 
this multifunction and multivariate thing. You cannot change only such 
that we optimize electron transport, but also the polarity, for example, this 
might be superb. This is extremely important, I think, to evolve the protein 
there. Should the protein really stick to the surface, because it is hydro- 
philic and has hydroxy functionality? Should it be a little bit more apolar, 
so that it stays more within the cavity, but not attached to the support too 
much? These are things we are trying at this moment to find out. The last 
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example, you have shown there was something where we can gradually 
change polarity of this type of COF materials, and this is something that 
I think will be very interesting, to see what the protein in such pores is 
doing. Again, with this notation I made in the beginning: do not change 
three things at once, because then you do not know what the effect is. Try 
actually to stick to one material, but gradually change one parameter, like 
polarity, and see what protein is doing in there. 


Karthish Manthiram: 

I think it is brilliant to see structure at such a fine scale. Xiaodong Zou, as 
you described it, it is very remarkable to be able to pick up these minor 
phases that we would otherwise be blind to. And I think, as you implied, 
these minor phases in many cases are probably, or could be, responsible 
for catalysis. I just want to get your take on to what extent do you foresee 
this possibility to be able to map catalytic activity at that fine length scale, 
at this tens of nanometer length scale, so you can now correlate these 
maps of catalytic activity with the phase behavior, this heterogeneity in 
phase behavior that you see, and bring those two together? 


Chad Mirkin: 

I think that's where it is definitely ultimately headed to. But you know you 
have to start a new area. Start talking about things as DNA bonds. You 
have to think about how you do navigate in that area in a way that allows 
you to do biggest things first. So you are talking about something that is 
really, really important, and will undoubtedly be an issue of interest, but 
it is not the big ticket item from the start. The question is: can you use this 
to find things, first of all, that do what we need, that we are all excited 
about, and then use redundancy and the ability to duplicate many times 
over to explore that to the level that you need to get to the point where you 
can scale up and use it for that particular purpose? If that demands that we 
understand that architecture down to the individual atom level, then we 
got a much higher challenge or higher bar for us. In many cases, it will 
not, I am convinced of that, but we will eventually use this as a tool to get 
better and better doing this. I have one student who is taking it down to 
making particles that are 1 nm in size. It is a countable number of atoms 
in the cluster. It changes how we characterize. We are having to use 
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aberration-corrected electron microscopes to characterize these types of 
structures. Challenges in terms of characterization go way up. This is all 
part of the whole evolution, I think, of this particular area, but initially we 
are going in with the brute force approach. Let us take what we can con- 
trol today, elemental composition, size, define parameters and acceptable 
variances, build those libraries, and see if we can find things that do what 
we cannot with conventional materials. So far, we found a few, and we are 
going to find a lot more. 


Xiaodong Zou: 
I would like to say that now, with electron crystallography, it is possible 


to really both see the materials and also determine the structure, and 
understand the detailed structure at the atomic level. And also most impor- 
tantly, you can study the heterogeneities, which means that you can have 
a complex material or a material with different components, and it is pos- 
sible to study it. So, I would like to think of how that would change the 
current way of making materials. Because you are thinking about the 
simple components and trying to get a big crystal and pure materials, but 
what if you put many components and molecules together and see what 
you get? And also, being able to look at the evolution of materials in dif- 
ferent environments, and the catalysis, while we can both see and know 
the structure with atomic precision. 


Chad Mirkin: 

I just think it has become a necessity that people like you come up with 
high-throughput ways of characterization. Characterizing one versus 225 
million are two different issues. So, figuring out how you get structural 
information on the things that matter is going to be a big part of how this 
either moves or does not move going forward. 


Xiaodong Zou: 
This is a challenge, and we are moving towards that field. 


Matthew Kanan: 

My question is with respect to catalysis. I guess the way I see what you 
are able to do, is you can control the functionality in the individual spaces 
inside these materials pores, and then you can create a distribution of 
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combinations of those functionalities, which you are calling multivariate 
materials. I am trying to understand the added capabilities there a little bit 
better. Obviously, the functionality within a certain space is what makes 
zeolites special. They have very acidic sites, they have pore sizes that 
interact with hydrocarbon substrates, and they are thermally stable, and 
that is the magic of zeolites. Your new materials, you are, sort of, in a dif- 
ferent temperature regime, and you can decorate, I suppose, with more 
functionality. But is there an example of a catalytic transformation that 
you can perform, based on your ability to position three or four different 
functional groups that are important, that cannot be performed with a 
molecular catalyst that is tailored to that specific transformation? 

And the second question is that, I guess, I still do not quite see the 
power of it. If I have a substrate coming in and it sees one environment, 
that maybe catalyzes a reaction of that substrate at a certain configuration, 
and it is going to diffuse over to the next pore that has a different configu- 
ration. I do not understand how that works, unless it happens to be that 
ABCD vs DCBA, that those two configurations give you sequentially two 
transformations, which seems to be rather unusual circumstances. I am 
missing the power of having that variability. You both sort of alluded to 
this sort of cascades and these networks, and I guess it would just help to 
have an example to understand how one can do that, as opposed to lots of 
great technologies for immobilizing enzymes and solid supports to be 
amenable to high-throughput synthesis. There are ways of encapsulating 
and protecting things. I am just trying to understand the power of ordering 
in these three-dimensional spaces, or sampling large heterogeneous mix- 
tures of configurations of functionality a little bit better. 


Omar Yaghi: 

Molecular chemists spend their lifetime trying to organize ligands around 
a metal for a specific transformation. There has been a lot of time perfect- 
ing that catalytic pocket, if you want to call it that. What my thinking from 
multivariate was is to introduce those ligands that a molecular chemist 
would, although the molecular chemist has to also do protections and 
things like that, that you do not have to do in the MOF because the MOF 
is a protecting group. Let us take the TEV protease enzyme example that 
I gave. We just introduced the amino acids that we thought approximate 


244 O. Yaghi 


the pocket into the pore, and we build a short peptide of four amino acids, 
one amino acid at a time. So the pore is really internally heterogeneous 
and my thinking is that the reason the MOF, with all that lack of preplan- 
ning, still broke that specific amide bond that the enzymes did, is because 
it has billions and billions of microenvironments and a certain, perhaps 
small, fraction of them is fertile for that particular selective bond cleavage. 
The rest of them are inert to that transformation. The problem of course 
of this approach is that, while a molecular chemist does things with preci- 
sion around the metal, in this one you are throwing everything in there and 
saying: “Hey, instead of making one complex, I will make billions of 
microenvironments, billions of complexes and just let the substrate sort of 
find its way through”. The problem, ultimately, that you have to reckon 
with is, what are those environments that are fertile? And the second 
thing, will the substrate after transformation be able to diffuse in and out 
easily, with all that stuff that is happening in the pore? So, there is a lot of 
stuff you have to do to make sure that it follows the logic of molecular 
chemistry. But I feel that it is an opportunity to sample a combinatorial set 
up space within the crystal. This was my idea about the fact that we do not 
know what these sequences are, we need to figure out a way of doing that. 


Matthew Kanan: 

Maybe I just misunderstood. The combinatorial space is the different 
functionalized linkers. How many different functionalities are you putting 
in one of these? 


Omar Yaghi: 
I think there are seven reactions that are leading to a short peptide of four 


amino acids, and each transformation is not 100% complete. So, you have 
really a forest of one amino acid, two amino acids, three amino acids, four 
amino acids, and it is just everything is in there. It is not a clean environ- 
ment, but nevertheless it did these transformations. 


Matthew Kanan: 
And based on the kinetics, can you estimate different possibilities of what 
fractions of those sites are active? 
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Omar Yaghi: 
Hard to say. We just know that there was, I think, 70% yield in terms of 
the cleavage. 


Karen Goldberg: 

Have you ever in these MOFs used the ligand in a metal-ligand coopera- 
tion, in terms of using the metal center and the ligand within the MOF? 
So, using the metal as a catalytic center? Because you are using ligands, 
but a site of ligand could cooperate with the metal in terms of doing a 
bond activation. 


Arne Thomas: 

This has been done many times. You can actually make MOFs with open 
sites. In some MOFs, some middle sites are fully coordinated and they are 
not active in catalysis anymore, but you can create MOFs with open metal 
sites, and then the metal site itself can be catalytically active, and you can 
use the linker for another incorporation of metals. This has been done, 
even though I do not have the application in mind, which kind of catalysis 
it was. 


Omar Yaghi: 
Ok, we have come to the end of the discussion. We had a great discussion, 


thank you, thanks everybody. 
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Energy demand in the 21st century will roughly double by mid-century 
owing to rising living standards in emerging economies and to a growing 
world population, primarily located in the Global South. Most of the 
increased demand will come from 3 billion people currently without access 
to reliable energy and 3 billion new inhabitants to our planet who will mostly 
reside in the Global South. For this reason, this global cohort will have a 
major impact on climate change over the approaching decades. Providing 
these 6 billion people with carbon-neutral alternatives to meet their societal 
energy needs is a requisite to mitigating climate change. To meet the 
increased energy demand of these 6 billion additional energy users will 
require invention, development, and deployment of carbon-neutral energy 
and energy-intensive processes on a scale commensurate with, or larger than, 
the entire present-day energy supply from all sources combined. 

Nowhere has science wandered away more from the world it needs to 
serve most than in the field of energy. Addressing the energy needs of the 
underserved requires us to rethink how energy systems are implemented. 


This is an open access article published by World Scientific Publishing Company. It is distributed 
under the terms of the Creative Commons Attribution-NonCommercial 4.0 (CC BY-NC) License. 
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Energy systems of today are heavily engineered, and they are designed to 
rely on a centralized infrastructure. In addressing the underserved, the 
dogma is to translate science discoveries and attendant technologies that 
have worked in the developed world to the emerging world (i.e., pound the 
square peg into the round hole). However, climate change is outpacing the 
accrual of wealth needed to realize centralized infrastructures in the devel- 
oping world. A new science needs to be discovered. Critical to this 
rethinking is a move towards a more low-cost and distributed energy eco- 
system where both the production and delivery of energy are better 
aligned with the context of the underdeveloped regions of the world. 
Specifically, what new science will engender distributed energy systems 
that use sustainable inputs that are available to all? We have addressed this 
question with a series of science advances that underpin distributed and 
sustainable systems for biomass, fuels, and fertilizer production, and the 
synthesis of complex molecules such as vitamins using the inputs of only 
solar energy, air, and any water source. 


Self-healing catalysis: Solar water splitting using any 
water source 


All sustainable energy conversion schemes eventually rely on water as the 
source for proton- and electron-reducing equivalents. Because the cou- 
pling of the electron and proton is demanded for high energy efficiency, 
we were led to create the field of proton-coupled electron transfer (PCET) 
at a mechanistic level [1] with the first measurements that temporally 
resolved the movement of an electron coupled to a proton, followed by 
our development of the first theory of PCET [2]. Controlling PCET is at 
the heart of efficiently harnessing the protons and electrons of the water- 
splitting reaction, in which the energy of a solar light input is stored in 
the rearranged bonds of two water molecules to produce hydrogen 
(x2, 4H'/4e ) and oxygen [3]. 

The implementation of water splitting for distributed energy systems 
in the developing world presents major challenges and thus an imperative 
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for new science. Foremost is the criterion to develop catalysts that operate 
in any water source. Most water-splitting catalysts require a concentrated 
base where the protons that are released from the oxygen evolution reac- 
tion (OER) are promptly neutralized. In natural waters, however, the con- 
centration of hydroxide is small and the strongest base is the oxide, which 
readily reacts with acid, thus leading to its corrosion by its dissolution. 
To overcome corrosion, we developed cobalt/nickel-phosphate/borate 
(Co/Ni-P,/B;) catalysts [4, 5] that are self-healing [6, 7] wherein an equi- 
librium for catalyst self-assembly is established that lies energetically 
within that for the OER of water-splitting catalysis (Fig. 1). Because these 
self-healing catalysts continually renew themselves during OER, they can 
operate in neutral and natural waters, including wastewater [8, 9]. The 
ability to perform OER under neutral conditions has several advantages. 
First, a major milestone is achieved with regard to responding to the 
underserved as solar water splitting is not reliant on a specific water 
source and it may be found locally. Second, the catalysts operating under 
mild environmental conditions facilitate their interface with materials 
such as Si, which is unstable in corrosive environments. Finally, the abil- 
ity to operate water splitting from buffered water allows for the integra- 
tion of water-splitting catalysis with bioorganisms. 


OER Corrosion 
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Fig. 1. Self-healing OER Catalysis. Self-healing is achieved if the potential for self- 
assembly of the Co/Ni-P//B, OER catalyst (blue spheres) is less than the potential for water 
splitting. 
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Artificial leaf: Emulating the solar energy reaction 
of photosynthesis 


The ability to interface water-splitting catalysts with Si under non- 
corrosive conditions led to the development of the Artificial Leaf [10, 11]. 
The Artificial Leaf, which is the first wireless water-splitting device, com- 
prises a silicon wafer coated on one side with the Co-P; OER catalyst and 
the other side with a NiMoZn alloy or a cobalt-phosphide (Co-P) hydro- 
gen evolution reaction (HER) catalyst (Fig. 2). The Artificial Leaf is quite 
remarkable. When immersed in any water source and exposed to sunlight, 
oxygen bubbles from the OER side of the wafer and hydrogen bubbles 
from the HER side of the wafer at a rate that is commensurate with the 
solar flux impinging on the silicon. The Artificial Leaf captures the direct 
solar process of photosynthesis — the use of sunlight to split water into 
hydrogen and oxygen from neutral water, at atmospheric pressure and 
room temperature. However, inorganic water splitting systems such as the 
Artificial Leaf can absorb light and separate charge at efficiencies [12] 


Oxygen catalyst J 


Protective layer 4 


Solar light absorption = 


Hydrogen catalyst 4 


Fig. 2. The Artificial Leaf. The p-side of an Si is coated with a transparent conducting 
oxide (TCO) protective layer and a Co-P; OER catalyst. The n-side is coated with a Co-P 
HER catalyst. Similar to the Kok cycle in Photosystem II, the absorption of four photons 
to produce oxidizing and reducing equivalents is translated into energy storge via the 
water-splitting reaction using natural water or wastewater. 
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much greater than Photosystems II and I [13] (PSII and PSI, respectively) 
and hence solar-to-fuels (hydrogen-oxygen) efficiencies are much greater 
than that achieved by the photosynthetic membrane for water splitting. 
Here again, the Artificial Leaf achieves an important milestone with 
regard to the undeserved — a minimally engineered device, Si with sim- 
ple coatings, can produce oxygen and hydrogen from natural water and 
wastewater sources with sunlight as an input. 


Bionic Leaf-C: Distributed carbon fixation to 
biomass and fuels 


The Bionic Leaf-C was created to use the hydrogen produced from the 
catalysts of the Artificial Leaf to power the cellular biosynthetic machin- 
ery of bacterial microorganisms to convert carbon dioxide from air into 
biomass and liquid fuels [14]. In this approach, the entire PSI and PSII 
water-splitting assemblies of the photosynthetic membrane are replaced 
by catalysts of the Artificial Leaf. The hydrogen from water splitting is 
coupled to the production of NADPH within the cell via hydrogenases; 
the NADPH in turn drives cellular energy production (ATP) and is also the 
reductant for the fixation of carbon dioxide from air (Fig. 3). A solar-to- 
biomass yield of 10.896 is achieved with a typical Si photovoltaic effi- 
ciency of 2096. The biomass efficiency is authentic as it accounts for 
limitations arising from H, generation from water splitting, H, solubility, 
and the energy efficiency associated with biomass maintenance and 
growth. Moreover, Bionic Leaf-C operating in air is only 2.7 times lower 
in efficiency than that when it operates in pure CO,, despite a CO, con- 
centration difference between air and pure CO, of 2500. The high product 
yield for the Bionic Leaf-C in air demonstrates the advantages offered by 
biological carbon-concentrating mechanisms to alleviate mass transport 
limitations, absorb solubilized CO,, and maintain high intracellular CO, 
concentrations. The carbon flux within the Bionic Leaf-C may be redi- 
rected from cell growth (i.e., biomass) to metabolically engineered path- 
ways placed in the bioorganism to result in the synthesis of liquid 
alcohols, namely isopropanol (C;), isobutanol (C,), and isopentanol (C;) 
at solar-to-liquid fuel efficiencies of 6-846, depending on the liquid fuel. 
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Fig. 3. Bionic Leaf-C. H, produced from the catalysts of the Artificial Leaf is used to 
power cellular biomachinery for CO, fixation along engineered metabolic pathways to 
make liquid fuels. 


Thus, the Bionic Leaf-C is 10 times more efficient than natural photosyn- 
thesis for the best growing biomass (e.g., 1% for soy, switch grass) [15] 
and, with regard to liquid fuels, is 50—100 times more efficient than liquid 
fuels provided from natural biomass. The Bionic Leaf-C in effect is a 
distributed and sustainable surrogate for Fischer-Tropsch synthesis using 
only air, water, and sunlight as its inputs. 


Bionic leaf-N: Distributed nitrogen fixation 
to fertilizer 


Extending the hybrid inorganic-biological (HIB) approach, we have real- 
ized a renewable and distributed Haber-Bosch process with the creation 
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of the Bionic Leaf-N [16]. The Bionic Leaf-N uses the autotropic and 
nitrogen-fixing microorganism, Xanthobacter autotrophicus (X.a.), which 
has parallel C- and N-fixing pathways and may be directly grown 
from hydrogen (Fig. 4). X.a., as all nitrogen-fixing bioorganisms, down- 
regulates nitrogen fixation owing to the enormous energy intensity 
required to convert nitrogen to ammonia (nitrogenase requires 16 ATPs 
per nitrogen molecule). To overcome this roadblock, we have combined 
the hydrogen produced from the catalysts of the Artificial Leaf with CO, 
from air to produce polyhydroxybutyrate (PHB), which is stored inter- 
nally within the bacteria. The PHB biopolymer provides the bacteria with 
an energy supply, as it is a nascent source of intracellular energy (ATP) 
and hydrogen (NADPH/H’). With its own internal energy and hydrogen 
supplies, down-regulation of nitrogen fixation in X.a.-PHB is mitigated 
and nitrogen fixation in the form of ammonia and “N” biomass occurs 
unencumbered as reflected by exceptionally high nitrogen conversion 
activity (turnover frequency of 1.9 x 10* s” per bacterial cell and turnover 
number of ~9 x 10° bacterial cell). The ammonia produced directly or 
from biomass breakdown can diffuse across the X.a. membrane and be 
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Fig.4. The Bionic Leaf-N. (a) The Bionic-Leaf N combines H, from solar water splitting 
with CO, to produce polyhydroxybutyrate (PHB) and then (b) draws on the PHB as inter- 
nal energy and hydrogen supply to power the nitrogen fixation cycle to produce ammonia 
and solid N biomass. Once PHB is produced, a solar source is no longer needed, and the 
organism can be introduced into soil and perform fertilization. When grown in the pres- 
ence of wastewater, the organism will also sequester P in the form of polyphosphate 
(polyP). The process allows for the sustainable and distributed production of fertilizer 
from sunlight, atmospheric CO, and N,, and wastewater. 
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used as a living biofertilizer. The Bionic Leaf-N is of significant conse- 
quence to mitigating CO, release into the atmosphere as the industrial 
synthesis of ammonia results in CO, emissions that are greater than for 
any other chemical-making reaction [17]. As an example, in a large 400- 
acre farm trial for leafy vegetables, 130 Ibs of N is needed per acre for 
crop growth. By replacing 90% of the chemical fertilizer (UAN = urea 
ammonium nitrate, 5.98 Ib CO, produced per Ib N for UAN) with the 
Bionic Leaf-N, 141 metric tons of carbon dioxide was prevented from 
being released into the atmosphere [1]. Additionally, the Bionic Leaf-N 
sequesters CO, from air in the form of PHB (-1.105 Ib CO/Ib N) and thus 
the use of Bionic Leaf-N as a living biofertilizer is a carbon-negative pro- 
cess. Beyond mitigating the carbon budget associated with crop growth, 
the Bionic Leaf-N has an important future role in sustainable farming as 
the living biofertilizer avoids nitrogen runoff, and it is also able to fix P 
from wastewater [18] to allow for cyclic and renewable rotation of the 
biogenic elements of C, N, and P. 


Sustainable manufacturing 


The HIB approaches reveal a path forward to creating a distributed and 
sustainable manufacturing industry. The powerful tool of synthetic biol- 
ogy allows the HIB approach to be generalized to a renewable chemicals 
synthesis platform, depending on the biomachinery to which water split- 
ting is coupled. As an example of the power of the approach, we have 
metabolically engineered X.a. to fix carbon and nitrogen from air to pro- 
duce the complex heterocycle, vitamin B2 — if you will, vitamins from 
thin air [19]. For solar manufacturing by the HIB approach, new science 
needs to be developed that meets the high throughput demands of scale for 
manufacturing processes. High mass fluxes of reactants and products are 
needed for manufacturing and thus catalysts with high turnover rates and 
accelerated metabolic pathways of bioorganisms will be needed. The HIB 
approach need not be confined to the cell. In this case, outside the cellular 
confines, enzymes will have to function with stability over long periods of 
time under manufacturing relevant conditions. Embodied in the catalysis 
and reactor designs are many challenges including the need to furnish 
products selectively, isolate those products, and capture CO, at low 
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energy intensities. Ultimately, the science that underpins solar manufac- 
turing must be cost-effective over long-term operation. 


Concluding comments: The sustainocene 


The Holocene (“recent whole") period began 12,000 years ago with the 
introduction of human activity on our planet. From that time until circa 
1800 CE, the presence of humans did not alter the natural systems of this 
world. Since 1800 CE, human activity has pushed this planet from the 
Holocene into what has been termed the Anthropocene period, an epoch 
when human interference with earth systems threatens the capacity of our 
biosphere to sustain life. The science and technology that created the 
Anthropocene now needs to be addressed with a science and technology 
that creates a new epoch — the “Sustainocene” — a period of ecological 
sustainability, environmental integrity, and the elimination of gross soci- 
etal imbalances in poverty by providing a global population with access 
to energy, food, and water. The connection of the Sustainocene with the 
need for new science for the poor is plainly evident from the Kaya 
identity: 


CO,e = N - (GDP/N) - (E/GDP) - (CO,e/E), 


where CO,e is the global CO, emissions, N is the population, GDP/N is 
the gross domestic product per capita, E/GDP is the energy needed to 
maintain GDP, and CO,e/E is the carbon footprint of the energy supply. 
For climate change to be stabilized, it is essential that CO,e/E be mini- 
mized, i.e., that the new energy demand, E, for the underserved be sustain- 
able owing to the addition of 6 billion to N in the Kaya identity. The 
advances described herein establish that the Sustainocene is possible. 
However, more scientists need to embrace a science targeted to the poor 
where they will realize a plethora of new challenges and a fertile space for 
new discoveries. In doing so, they will set out on the quickest path to 
stabilizing climate change and they will be the leaders of a historic change 
to a global chemical and energy infrastructure, one powered by the sun, 
air, and water. 
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Novel Materials for Photovoltaic 
Solar Energy Materials 


Henry J. Snaith 


Clarendon Laboratory, Parks Road, Oxford OXI3PU, UK 


My view of the present state of technology and 
research on renewable energy 


The continued development of renewable energy is clearly critical for 
eliminating the use of fossil fuels. There is no possibility of a sustainable, 
stable future for humanity or the broader environment and ecosystem on 
Earth without making this transition to renewables over the next few dec- 
ades. The renewable power generation technologies are numerous, and 
many will play a role in our future power generation network, but there 
exist some clear front runners. Hydroelectric power (HEP) is well estab- 
lished, but the capacity is geographically dependent and the large dams 
required for HEP can have severe consequences to the local environment. 
Wind power is widespread and will continue to expand and generate a 
significant fraction of our future power demands, although the predomi- 
nant requirement to create off-shore wind farms, rather than on-shore, has 
and will continue to slow down the price reduction. At some point how- 
ever, the potential for larger and larger off-shore wind turbines, enabled 
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by advanced composites and optimized designs, will lead to off-shore 
wind being more economic in the future. Solar power is the most abun- 
dant power source and even though the levels of irradiance vary, it is 
ubiquitous across the globe. The primary industrial method for harnessing 
solar energy is via photovoltaic solar cells, which convert sunlight directly 
into electricity. Here, silicon dominates, and advances in silicon technol- 
ogy have been made by moving from doped positive(p)-negative(n) junc- 
tions, to well-passivated heterojunctions, with record cell efficiencies 
having reached between 25 and 27%, and commercial modules at around 
the 21-22% level. The continued scaling of manufacturing and deploy- 
ment has also led to continuous price drops in deployed PV, with the 
lowest cost solar farms having price purchase agreements at around 1$c/ 
kWh (10$/MWh). With solar PV, the key driver to cost reduction is now 
increased efficiency, rather than reduced manufacturing costs. The latter 
has already been successfully achieved by the existing PV industry. Here, 
a general approach to deliver higher efficiency than Si is to move towards 
more advanced concepts. These include more exotic concepts such as hot- 
carrier collection and photon-multiplication or up-conversion and also 
more near-term practically realizable concepts such as concentrator PV 
and multi-junction PV [1]. Concerning the latter, metal-halide perovskites 
have proven to be extremely effective and record efficiency perovskite-on- 
silicon tandem cells have now surpassed 31% [2-4]. Power generation is 
one piece of the puzzle, and the combination of wind and solar works well 
in most locations in the world to create a relatively balanced power gen- 
eration profile. Yet the power generation profile is variable day and night 
and seasonal depending upon geographic location. There is therefore a 
major requirement to bring online large-scale power storage to go hand- 
in-hand with the ramping up of the renewable power generation capacity. 
The advancements in li-ion battery storage for electric vehicles (EV) are 
making battery storage affordable for domestic use. However, it is ques- 
tionable whether the technology developed for EVs will be ideal for grid 
storage. It is likely that certain elements, such as Co, will need to be 
replaced. Furthermore, batteries have been optimized for lightweight 
high-power density. For grid storage, weight and arguably round-cycle 
efficiency are less critical, which may open more diverse possibilities 
for developing new battery technologies. Hydrogen generation using 
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electroliers is likely to become a major contributor to grid-storage capac- 
ity, where the hydrogen can then be stored and used to regenerate electric- 
ity in a converted gas-fired power station or through a fuel cell. Although 
the round-cycle efficiency of electrolysis and subsequent combustion of 
the hydrogen are low, the continued drop in the price of electricity genera- 
tion from solar and wind makes the absolute efficiency of this process less 
critical, as opposed to the practicality and cost of electrolysis and storage. 
Beyond hydrogen, a range of other synthetic fuels, including ammonia, 
are likely to also play an increasingly important role. 


My recent research contributions to field of 
photovoltaic solar energy conversion 


My research focuses on PV technology, specifically investigating and 
advancing novel materials and device concepts. Over the last decade, we 
have been central pioneers in the development of metal-halide perovskite 
PV, having made some of the key early discoveries of the outstanding 
optoelectronic properties of lead-halide perovskites, and demonstrating 
that these materials can be integrated into a simple thin-film device struc- 
ture which delivers extremely high efficiency [4—7]. Metal-halide perovs- 
kites have an ABX, stoichiometry, where A is an organic or alkali metal 
cation, B is a divalent metal cation (Pb, Sn, or Ge), and X is a halide anion. 
Motivated by the requirement to deliver higher efficiency PV technology 
to make a positive impact upon the industrialized solar energy generation, 
we have focused our efforts on enabling and delivering multi-junction 
perovskite PV cells, both as stand-alone thin-film technologies and in 
combination with silicon [8-11]. In Fig. 1, we show a cross-sectional 
electron microscope image of an “all-perovskite” triple junction [12]. 

A key challenge for the multi-junction perovskites has been to enable 
high open-circuit voltage from the wide gap perovskites and large “defi- 
cit” in voltage existed between the band gap energy and the open-circuit 
voltage. In order to obtain wide band gaps, we need to form alloys of I/Br 
at the X-site. Early observations saw that under illumination the halides 
tended to segregate into at least two different domains. This resulted in the 
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Fig. 1. Cross-sectional electron microscope image of an all-perovskite triple junction 
cell. Reproduced with permission from reference [12]. 


formation of lower band gap I-rich domains within the perovskite and 
subsequent emission of light through the low band gap domains [13]. This 
was thought to be the cause of the voltage issue with wide band gap per- 
ovskite cells. We performed a combined optical and thermodynamic simu- 
lation to quantify the impact of halide segregation upon open-circuit 
voltage deficit, and surprisingly we found that the halide segregation 
alone could only account for a small fraction of the voltage deficit [14]. 
We thus identified that suppressing trap-assisted charge carrier and recom- 
bination at the perovskite absorber/charge extraction layer heterojunction 
was the area that required the most effort to improve. Since then, we have 
made significant progress in delivering higher voltage wide gap perovs- 
kite PV cells by focusing upon both internal and interfacial passivation of 
the absorber layers [15]. 

A central challenge for metal-halide perovskites is to enable long- 
term operational stability commensurate with Si PV. Early compositions 
employed methylammonium as the organic cation, which suffers from 
poor thermal and chemical stability [16]. Moving towards formamidinium 
(FA) as the organic cation lead to a substantial enhancement in the thermal 
stability [17], and alloying FA with caesium, in addition to I with Br lead 
to highly stable perovskite thin films with tunable and stable band 
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gaps [11]. With these adaptations to the perovskite, the “weakest link" 
ceased to be the organic-inorganic nature of the perovskite and became 
the photochemical degradation of the metal-halide framework. Here, 
under the combined stresses of light and temperature, L, gas is generated, 
which is considered to originate from holes being trapped on interstitial 
iodide [18, 19] [ref two past papers]. We found that crystalizing the per- 
ovskite in the presence of quaternary ammonium salts greatly suppressed 
this degradation leading to significant enhancements in the long-term 
stability [20, 21]. 


Outlook to future developments of research on novel 
materials for PV 


As for perovskites, the following key challenges remain: (1) obtaining very 
high voltages for the wide gap cells, but the road map to achieve this is 
very clear, via controlled crystallization and growth to achieve homogene- 
ous alloyed compositions with low defect densities, coupled with bulk and 
interface passivation. This may include molecular passivation or the inclu- 
sion of lower-dimension perovskite phases forming heterojunctions with 
the bulk 3D ABX, perovskite material. (ii) The second main challenge is 
long-term stability. Unlike efficiency, this cannot be quantified unambigu- 
ously in a lab and will require a combination of laboratory-based stress 
tests and real-world outdoor testing. According to our present knowledge, 
understanding the photochemical degradation process in metal-halide per- 
ovskites, and how and why certain additives suppress this is central to both 
delivering a highly stable technology, and having the confidence that it 
will last for 25 years in the field. In addition to the academic works, there 
is much industrial activity advancing the perovskite PV technology, which 
has a central focus on long-term stability. As scientists, we are best placed 
to stress these materials and devices via diverse methods so that we can 
discover and understand instabilities from a fundamental basis. 

Beyond lead-halide perovskites, there are many possible new materi- 
als which may deliver complementary functionality or enhanced proper- 
ties for a broad range of PV applications. Specifically, the lower bap 
perovskite which is composed of an alloy of Pb and Sn does not have the 
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same stability as the wider bap neat-Pb perovskites. There is therefore an 
opportunity to discover a new compound which has a much lower band 
gap to enable more efficient and stable thin-film multi-junction cells. 
Here, AgBi compounds (halides and chalcogenides) have attracted recent 
interest, but nothing has yet become anywhere near as promising as the 
metal-halide perovskites. A notable importance for new compounds is to 
ensure that they are sustainable for TW scale PV production. Unfortunately, 
both Ag and Bi are materials that the present PV industry is trying to 
reduce the use of due to their scarcity of supply. Hence, this has to be 
considered when embarking on a large program to discover new com- 
pounds for PV. 

The central target for novel materials has to be to deliver higher effi- 
ciency than existing technologies, and the multi-junction cells are a means 
to do this. Since tandems with perovskites have progressed so quickly to 
becoming industrialized, we may see reinvigorated efforts towards real- 
izing other more exotic higher efficiency concepts being developed in the 
near future, including the conceptualization and demonstration of yet to 
be conceived ideas. 
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Climate change and batteries 


More powerful, longer-lasting, faster-charging, and cheaper batteries — 
made from increasingly more sustainable resources — will play a critical 
role in the transition to a Net Zero world. While they are currently “fit for 
purpose" for many types of electric vehicles (EVs), the batteries are still 
too expensive for many and rely on critical or scarce metals (e.g., Co and, 
increasingly, Ni), often with environmental and social concerns around 
their extraction. Developing even larger batteries that are suitable for 
heavier vehicles, and for storing electricity to deal with the use of inter- 
mittent renewable sources of energy on the grid, remains a massive 
challenge — one where no clearcut technology winners exist. Lithium-ion 
batteries (LIBs) remain the most viable short-term technologies for these 
applications, with mass production resulting in significant price reduc- 
tions and making it difficult for other (possibly more sustainable) tech- 
nologies to compete, at least in some markets. Yet, with the massive 
number of giga-factories being built globally, the sustainability of 


This is an open access article published by World Scientific Publishing Company. It is distributed 
under the terms of the Creative Commons Attribution-NonCommercial 4.0 (CC BY-NC) License. 


267 


268 C. Grey 


resources will increasingly become even more of a concern. Fierce global 
competition must also mean that new manufacturing methods must be 
developed for the new players to develop a competitive advantage (and 
indeed even stay in the race). 


Challenges 


Having progressed rapidly over three decades, battery technology now 
faces a series of challenges in making the advances required for long-term 
grid storage or heavy vehicle and aviation applications. These include the 
following: 


Cost: In both automotive and grid sectors, cost remains a major challenge. 
Much of the cost arises from the minerals themselves (mainly those used 
for the cathode, such as cobalt and nickel) and then the processing and 
synthesis of the materials. 


Materials: Battery development is also challenging as there are few ele- 
ments that are usable in electrodes that are cheap enough while also 
(i) having oxidation/redox chemistry within an appropriate voltage win- 
dow and (ii) being stable when oxidized/reduced and lithium is extracted/ 
reinserted over multiple cycles. 


Degradation: Degradation at the cathode side is generally caused by struc- 
tural changes that reduce capacity and can increase impedance. These 
phenomena increase as more lithium is extracted and the material is 
pushed to higher voltage during cycling. The highly oxidized cathodes 
react and oxidize the electrolyte. On the anode side, batteries form a pro- 
tective or passivation layer known as solid electrolyte interphase (SEI). 
It is fundamental to performance as it prevents degradation of the electro- 
lyte as well as conducting ions to the anode and insulating it. However, 
over time, growth of the SEI consumes active lithium and electrolyte 
materials, affecting both capacity and power density. 


Energy density: Energy density is important in creating batteries that are 
compact and can power the device over long time periods. In some appli- 
cations, volumetric energy density is key, but in aeroplanes, in particular, 
higher gravimetric energy density is important, while in grid-scale 
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batteries, both volumetric and gravimetric densities are less critical but a 
major factor in cost. Current generations of LIBs (based on layered oxides 
and graphitic structures) are hitting the theoretical limits of battery chem- 
istry, i.e., there are no more Li ions to be removed from the cathode mate- 
rial, and no space to insert Li ions into the anode, before Li metal plates 
on it. This makes enhancements to energy density more and more chal- 
lenging, without consequences for battery degradation and/or safety. Use 
of silicon instead of graphite could theoretically increase energy density 
by approximately 4046 at the cell level. However, when using silicon, the 
first cycle leads to an increased irreversible loss of capacity (over that seen 
for graphite) and more capacity is lost on subsequent cycles, primarily due 
to continued electrolyte degradation. 


Battery research: Current and future research 
directions 


Research into battery technology focuses on materials, engineering, and 
more generally, the performance of battery systems. In terms of the mate- 
rials, research has (at least) two strands: On one side, research focuses on 
improving LIBs as briefly outlined in the following. The second considers 
a myriad of different "beyond-Li" chemistries, which include batteries 
that are not based on Li, along with batteries that still contain Li but may, 
for example, contain a Li metal anode — to increase energy density — or 
a solid-state electrolyte (as in a solid-state battery or "SSB"). SSBs in 
principle will be safer if the organic electrolyte is completely eliminated 
and, to have higher energy densities, if Li metal is used instead of graphite 
at the anode. Sodium- and magnesium-ion batteries (SIBs and MIBs, 
respectively) offer routes towards increased sustainability but come with 
new challenges including low energy density (SIBs) and poor perfor- 
mance (MIBs) due to very low rates and/or low voltages and degradation 
(Mg). Redox flow batteries provide a route towards extremely high capac- 
ity and scalable batteries for use on the grid but cost and lifetime remain 
serious challenges. 

Advances in the short term involving current generation LIBs must 
come via increasing lifetime by reducing degradation, reducing cost, 
removing cobalt (e.g., by finding new cathodes), and decreasing charging 
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times. Innovation in this field can be hampered by the need to keep costs 
down, essentially ruling out the use of large parts of the periodic table. Yet 
radically, new approaches may not — at least in their first generation — 
be "cheap". Research is often closely aligned with mission-oriented agen- 
cies or institutions, or commercial stakeholders, and there is an inherent 
tension between short-term wins and long-term step-change research. 
Close collaboration with relevant agencies/industries is extremely benefi- 
cial, by helping researchers to identify and understand the most pressing 
problems, for speeding up research that has clear targets, and for helping 
to progress research results more quickly from the lab to industry. 
However, the community needs to ensure that fundamental science is still 
strongly encouraged — even in this commercially driven field if the really 
hard problems — where there is no clear route or pathway to solve 
them — stand any chance of being addressed. Furthermore, there are 
many exciting avenues in this field that require new experimental methods 
and theory developments and use analytical techniques that are at the 
forefront of science. The field is massive and a short review cannot discuss 
them all, however, some illustrative examples are given in the following: 


Metastability: This is a materials challenge that needs to be understood 
and controlled. To illustrate, a battery active material (a cathode (anode) 
or positive (negative) electrode material) is typically in its thermodynamic 
ground state when it is synthesized. Yet, when Li ions are inserted or 
removed, the material is generally metastable towards decomposition. The 
kinetics and processes involving the transformation of the metastable state 
towards equilibrium need to be understood and then controlled — to pre- 
vent, for example, oxygen release from the cathode (with safety and deg- 
radation consequences, e.g., in Ni-rich cathodes, this results in an increase 
in cell impedance) or the continued reaction of the anode with the electro- 
lyte, consuming Li and increasing cell resistance. In a recent elegant 
example, a combination of theory and experiment was used to show that 
the degradation that is induced by cycling to high voltages is exacerbated 
by the structural relaxation and rearrangements that occur at lower volt- 
ages. Continued reactions with the electrolytes are more severe in higher 
density anode materials such as silicon and lithium because fresh surface 
is continually exposed, either as the material expands and contracts on 
lithium insertion and removal (S1) or on Li plating. 
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Control of electron/ion transfer processes: Progress in, for example, 
Mg batteries requires an understanding of how a doubly charged cation is 
desolvated and inserted into a cathode material, as two electrons are — in 
theory — simultaneously removed from the cathode. At the anode, the 
process involves the reduction of the cation via the transfer of two elec- 
trons from the Mg metal, a process also coupled with the desolvation 
reaction. While in some systems these processes are understood, they are 
far from being controlled and optimized — something that would lead to 
faster-charging batteries. 

The development of Li-metal batteries comes with its own set of 
questions and challenges. For example, how do the surfaces on which the 
Li metal plates affect the plating mechanism and Li corrosion? How can 
smooth Li metal deposition be ensured? One new approach to examining 
Li metal-SEI interfaces is shown in Fig. 1, where microwaves, applied at 
the electron spin frequency (to partially saturate the Li metal electron spin 
resonance), result in an enhancement of the ‘Li metal signals via an 
Overhauser effect [1]. This method can in principle be used to identify 
species at the buried SEI-metal (Li) interface (LiF in the example given 
here). 

Theoretical studies of increasingly large systems — likely aided by 
machine-learning approaches — will be required to help unravel the often, 
competing processes. However, it is not only the complexity of the 


. —— uw OFF 
Li | ——uwOoN 
metal 


400 300 200 100 0 -100 ái -100 -200 
5 7Li (ppm) : 6 °F /ppm 


(a) (b) (c) 


Fig. 1. Li metal dynamic nuclear polarization (DNP) of a lithium metal electrode show- 
ing (a) the enhancement of the Li metal signal and SEI on the application of the microwave 
(mw on vs. off). (b) An SEM image of Li metal microstructure formed in an electrolyte 
containing a fluorinated ethylene additive. (c) The LiF at the Li-SEI interface can be 
detected on the detection of a microwave signal (red = mw on; blue = mw off) [1]. 
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systems but the various timescales over which processes occur that are 
huge challenges, requiring considerable method development. 

The shape and structure of a material, or its morphology, can be as 
important as its chemical composition. New morphologies have the poten- 
tial to improve batteries by, for example, preventing particle cracking. For 
example, single crystal micron-sized particles may perform better (as cath- 
ode materials) than conventional polycrystalline NMC agglomerates that 
are subject to intergranular cracking, resulting in extended battery lifetime. 


Coatings and additives: One challenge is to design bespoke coatings 
that can withstand expansion/contraction. Another is to identify appropri- 
ate additives that react electrochemically or chemically to passivate the 
surfaces — via a less empirical approach than often used currently. 


Electro-catalysis at interfaces: A better understanding of how surfaces 
catalyse electrolyte-electrode degradation reactions must be developed. 
For example, why does the electrolyte ethylene carbonate react more read- 
ily with Ni-rich electrodes than linear chain carbonates? Why are lithiated 
silicides more reactive than lithiated graphites? What surface and interfa- 
cial structures prevent such degradation reactions? 

The development of new analytical tools that track the myriad of 
degradation processes on the fly is critical — including those at liquid— 
solid interfaces and in the electrolyte — to provide real-time information 
on degradation, and mechanistic insight, to understand the state of the 
cells and ultimately inform how the cells are used (to minimize degrada- 
tion). Synchrotron-based experiments provide exciting opportunities to 
interrogate batteries with ever-faster and higher resolution techniques but 
simpler metrology that could be used more widely is also vital. To illus- 
trate, Fig. 2 shows a recent technology advance for batteries, interferomet- 
ric scattering microscopy (ISCAT), which has allowed, for example, 
different phase transition mechanisms to be determined, lithium-ion diffu- 
sion coefficients to be extracted (with continuum modelling) and particle 
cracking to be visualized in real time [2]. 


Recycling: New and cheaper routes for recycling used materials are 
needed together with the development of battery materials that are inher- 
ently easier to recycle. 
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Fig. 2. Optical imaging of LiCoO, particles showing (a) the voltage profile (top) and 
the optical intensity (below), extracted from the single particle seen in (b). The images 
in (b) are extracted at points A-H on the cycling curve. (c) The images taken from the 
pink-shaded region in (a), illustrating the progression of the insulator-to-metal phase 
transition that occurs upon removing Li from the structure. Adapted from 
reference [2]. 


Sustainability: We must pursue to develop chemistries with materials that 
are abundant and sustainable, to include a greater emphasis on sodium-ion 
batteries with earth-abundant electrode materials and new, more sustain- 
able LIB cathodes. While lithium-ion phosphate will play an important 
role in some batteries, higher energy-density materials are still needed. 

In conclusion, research challenges span the synthesis of new materi- 
als, new characterization approaches, and new processing approaches — 
and demand interdisciplinary teams and longer-term strategies and 
research programmes. 
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Abstract 


Renewable energy appears in the form of heat, electricity or biomass. 
The chemical challenge in the renewable energy economy is to provide 
the energy in a storable and usable form at the place and time the energy 
is required. Electricity and heat allow to split water into hydrogen and 
oxygen, hydrogen can be stored as compressed gas, liquid hydrogen or 
in metal hydrides. Furthermore, hydrogen reduces CO, to hydrocarbons, 
e.g., synthetic oil, kerosene or diesel, in order to produce the CO, neutral 
fuels. Beside the technical requirements to produce the renewable elec- 
tricity and heat, the seasonal storage and the production of aviation fuels 
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are the main challenges of an energy economy entirely based on renew- 
able energy. 


Renewable energy 


Fossil fuels and materials on Earth in general are a finite resource and the 
disposal of waste into the air, into water, and on land has an impact on our 
environment on a global level [1] (chemical pollution, CO, concentration 
in the atmosphere, and radioactive waste). 

The combustion of fossil fuels (currently burning fossil fuels 49.4 
GtC-y and deforestation +1.6 GtC-y ') leads to an increase in the CO, 
concentration in the atmosphere [2] (Fig. 1). Fortunately, natural sinks 
(ocean: —2.5 GtC-y ! (2:596) and forests: —3.4 GtC-y ! (+20%)) lead to the 
reabsorption of CO, of —5.9 GtC.y ! (at 410 ppm) leaving 45.1 GtC.y ! 
(+50%) increase in the atmosphere. The reserves of fossil fuels are 
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Fig. 1. Observed and extrapolated temperature increase as a function of the cumulated 
CO, emissions. The CO, emissions grow by 1.5% every year and the cumulated CO, emis- 
sions double every 27 years. 
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limited [3] and are estimated to be between 900 and 1750 GtC [4]. The 
anthropic CO, emissions [5] grow by 1.546 every year and the cumulated 
CO, emissions double every 27 years. The reserves of fossil fuels are 
therefore completely consumed between 2047 and 2073. Global renewa- 
ble energy production is growing more than exponentially [6] and will 
reach the world energy demand in 2035 (Fig. 2). 

However, renewable energy appears in the form of heat, electricity, or 
biomass. The chemical challenge in the renewable energy economy is to 
provide the energy in a storable and usable form at the place and time the 
energy is required. 

The two main challenges in the transition from the current fossil-based 
energy economy to a future renewable energy-based one is the seasonal 
storage of renewable energy and the synthetic fuels for aviation because of 
the large amount of energy to be stored and the high energy density 
required, respectively. The electricity produced from renewable energy, 
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Fig. 2. The development of renewable energy in comparison with the world energy 
demand. 
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e.g., photovoltaics (Fig. 3), is stored for short term locally in batteries or 
over the seasons in hydroelectric storage lakes. The applications, e.g., 
mobility and heating, are electrified, which reduces the overall energy 
demand by approximately 33%. However, the seasonal storage of electric- 
ity requires large hydroelectric installations, which are not everywhere pos- 
sible, and battery-electric aviation is limited to small aeroplanes for short 
distances. Even if the seasonal storage is lower in some regions closer to the 
equator or because the renewable energy is imported in the form of hydro- 
gen, storage for the energy demand of approximately 4 months is required 
for energy security and redundancy of the energy production chain. 


Chemical energy carriers 


Electricity allows the splitting of water into hydrogen and oxygen, a tech- 
nology that is called power to X (P2X). Electrolysis [7] exhibits today an 
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Fig. 3. Renewable energy conversion chain for electricity (yellow), hydrogen (red), synthetic 
methane (green), and synthetic liquid hydrocarbons (blue). The electrolysis of water allows the 
transition from power to chemical energy carrier (P2X) and the CO, air capture allows the 
production of synthetic methane and synthetic aviation fuels (kerosene and diesel). 
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efficiency of <60% depending on the type, i.e., PEM, alkaline, or SOEC, 
and on the size or power of the electrolyzer. Electrodes of modern elec- 
trolyzers work with a power density of 530kW-m ^. The CAPEX of elec- 
trolyzers is 22000 €/kW 4, (HHV: Higher heating value of the hydrogen 
= 39.4 kWh/kg H,) leading to an energy cost in hydrogen of +6 €cts/kWh. 

The research topics in electrolysis focus on the increase in efficiency 
by reducing the overpotentials on the electrodes with improved electro- 
catalytic materials, reducing the ohmic losses in the gas separation mem- 
brane, and developing new water-splitting technologies which use the 
solar energy in photons directly to dissociate water by photoelectrochemi- 
cal process. Hydrogen is stored as compressed gas or as liquid at low 
temperature (—252°C) or absorbed in metal hydrides. 

Today, hydrogen storage reaches approximately 15% of the volumet- 
ric energy density (0.4—20 kWh/kg, 0.5-1.3 kWh/I) of liquid hydrocar- 
bons, e.g., oil. The storage of hydrogen consumes between 15 and 30% of 
the energy in the hydrogen and CAPEX of the storage is between 9 and 
2500 €/kgH, (+0.4€cts/kWh to +0.12€/kWh). Hydrogen is used in cata- 
lytic combustion for heat production or fuel cell to produce electricity 
with an efficiency of approximately 50%. An energy system based on 
hydrogen requires the infrastructure for production, storage, and distribu- 
tion of hydrogen and the adaptation of the applications to hydrogen, e.g., 
hydrogen combustion and fuel cells. Alternatively, hydrogen can be pro- 
duced as an energy carrier for transport and storage and used in a com- 
bined cycle power plant to produce electricity with an efficiency of 5096 
while the applications are electrified. 

Hydrogen together with a carbon source, e.g., CO, from air capture or 
biomass, allows the synthesize of CO, neutral hydrocarbons. While selec- 
tive reactions to methane, methanol, and dimethyl ether are known, the 
Fischer-Tropsch reaction from syngas (CO and H,), the product of the 
reversed water gas shift reaction (RWGS) CO, + H, 2 CO +H,0O, leads to 
a large variety of products described by the Anderson-Schulz-Flory dis- 
tribution [8]. The products are refined and the undesired products are 
recycled in the process. The cost of synthetic oil is dominated by the 
electricity cost and the cost of the CO,, which is currently between 160 
and 830 €/t C, while the biomass is at 800 €/t C. Synthetic hydrocarbons 
can directly replace fossil fuels in all applications and the storage and 
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distribution of the synthetic fuel is an established technology and exists 
already. 

Due to the thermodynamic limits and technical conversion limitations 
described as maximum conversion efficiencies (Fig. 4), energy conversion 
and storage leads to a partial loss of energy (exothermic reactions) and a 
reduction of the finally available energy in the product. Therefore, the 
choice of energy carrier depends on the energy density required in 
the application as well as the storage options. The conversion efficiency, 
the investment for the conversion device, and the storage system deter- 
mine the economics (Fig. 5) of the energy system. 


Conclusions 


The transition from an energy economy mainly based on fossil fuels to an 
energy economy based on renewable energy requires chemical technology 
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Fig. 5. Cost of energy (electricity) versus volumetric energy density for batteries, hydro- 
gen, and synthetic hydrocarbons. 


to produce the energy carriers selectively and efficiently. Furthermore, 
economically the cost of energy for the coming 5-30 years needs to be 
invested in order to build up the energy conversion. 

The investment and the final cost of the energy unit are of great 
importance for the future development of the whole economy. In the 
industrial countries, the energy provided to industry leads to an economic 
benefit [9] of 0.6€/kWh. Only one billion people live with more than 
20,000 €/year and 7 billion have less available and are on the linear rela- 
tionship between energy demand and Grand Domestic Product (GDP). 
Only the wealthy countries deviate from this linear relationship due to the 
increasing import of energy-rich products and an increasing fraction of the 
economy is not energy related, e.g., fashion, cosmetics, and financial sec- 
tor. Past developments in Switzerland have demonstrated the feasibility as 
well as the benefit of long-term investments in technology for a sustain- 
able development, e.g., the Gotthard Tunnel [10], the electrification of the 
railway [11], and the mountain trains [12]. All three examples stand for 
an enormous investment leading to less pollution and an economic benefi- 
cial development, however, the profit arrived a few generations later. 
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Fig. 6. Average power per capita versus GDP per year and capacity for selected 
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Introduction 


The fact that solar energy reaches the Earth at a rate which far exceeds 
that at which human society currently uses global energy resources is well 
established [1]. Recognition of this reality sparked the vibrant field of 
"solar fuels" in which the energy of the sun is stored in chemical bonds 
for use on demand, addressing the inherent intermittency of solar energy 
[2]. In the last 15 years since the establishment of large central efforts in 
solar fuels development, the price of solar electricity has plummeted. 
Accordingly, the idea of using solar electrons to drive chemical reactions, 
once considered a staggering waste of a precious resource, is gaining seri- 
ous traction. Today, solar fuels produced through a two-step process using 
photovoltaics for electricity generation in the first step and an electro- 
chemical conversion device in the second step are much more attractive 
than a mere decade ago. The electrochemical conversion technologies 
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being pursued in this context, moreover, need not be limited to solar elec- 
trons; they are equally well suited to wind, geothermal, and hydrothermal 
electricity sources. Thus, solar fuels research has morphed, in some quar- 
ters, into electrochemical studies of the transformation of benign reagents 
such as H,O, N,, O,, and even CO, (though certainly not benign!) into 
value-added products. Of the many electrochemical reactions under con- 
sideration, we focus here on splitting water into hydrogen and oxygen, 
splitting ammonia into hydrogen and nitrogen, and producing ammonia 
from nitrogen and hydrogen. 

Hydrogen has been seen as both hero and villain in a sustainable 
energy future — hero because the product of using its energy content to 
carry out useful work is water, and villain because creating hydrogen in 
the first place has historically resulted in carbon emissions. As an energy 
carrier, hydrogen is typically considered in the context of polymer elec- 
trolyte membrane (PEM) fuel cells, which produce electrical power 
exceptionally well when the hydrogen is extremely pure. Today's average 
automotive internal combustion engine operates at an efficiency of =30% 
[3], whereas an automotive fuel cell, as reported by Hyundai, for exam- 
ple, for its Nexo fuel cell vehicle, stands at ~60% system efficiency [4]. 
Despite this impressive mark, widespread deployment of hydrogen fuel 
cells for automotive applications has stalled for a variety of reasons 
including insufficient PEMFC lifetime and excessive precious metals 
loadings. Perhaps most significant, however, is the staggering cost of a 
hydrogen delivery infrastructure [5]. Herein lies another aspect of hydro- 
gen as villain. The willingness of policymakers to wait for the completion 
of such a massive construction project before setting carbon emissions 
targets has been viewed in some quarters as a stalling tactic. Today, 
hydrogen as hero is overtaking the image of hydrogen as villain. Use of 
carbon-free electricity to split water by electrolysis largely eliminates 
carbon emissions in the production step [6], whereas use of liquid hydro- 
gen carriers stands to circumvent the requirement of deploying costly, 
single-purpose delivery pipelines [7]. Simultaneously, infrastructure pro- 
jects for hydrogen delivery have been undertaken in many parts of the 
world, accelerating the pace at which a transmission solution, of one type 
or another, will be available. 
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Electrolytes and the constraints they imply 


Electrochemical transformations involving hydrogen, whether they be elec- 
trolysis, electric power generation, or ammonia production, have typically 
employed one of the three types of electrolytes: aqueous acid/base electro- 
lytes with mobile protons/hydroxyl groups, proton exchange polymer elec- 
trolytes, or proton conducting oxides. Aqueous electrolytes, as their names 
imply, are acids, typically H,SO, or HCl, or bases, typically KOH or 
NaOH, in water at some moderate concentration. The most highly deployed 
polymer in electrochemical systems is the sulfonated fluoropolymer 
Nafion [8]. Systems based on aqueous liquid or polymer electrolytes are 
inherently restricted to operation at near-ambient temperatures. Accordingly, 
they are not able to benefit from enhanced reaction rates afforded by higher 
temperature conditions and thus rely heavily on precious group metal 
(PGM) catalysts. Moreover, their acid/base nature is inherently corrosive to 
auxiliary components. Proton conducting oxides (PCOs), typically doped 
derivatives of BaZrO, or BaCeO,, on the other hand, require operation at 
temperatures of ~450°C or higher [9], at which the degradation of auxiliary 
components is thermally accelerated. Furthermore, these electrolytes per- 
mit non-negligible electron-hole transport, penalizing the Faradaic effi- 
ciency of the transformation of interest [10]. 

A relatively underexplored class of proton-conducting electrolytes are 
solid acids which incorporate polyanion groups into their structure. The 
prototypical material in this class is CsH,PO,, caesium dihydrogen phos- 
phate, which adopts a cubic crystal structure with rotational disorder of the 
H,PO, groups above a polymorphic transition at 228°C (Fig. 1) [11]. While 
some details of the proton transport, an example of the Grotthuss mecha- 
nism, remain unclear, it is well established that the rotational disorder is 
essential to the high conductivity and low activation energy for proton 
migration. Several compounds display similarly high conductivity (exceed- 
ing «1 x 10° S/cm with an activation energy of <0.5 eV) with similar 
structural disorder, forming the class of materials known as superprotonic 
conductors [12]. Of these, only CsH,PO, has been considered, to any sig- 
nificant extent, for electrochemical applications, a consequence of its stabil- 
ity in both oxidizing and reducing environments [13, 14]. The temperature 
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Fig. 1. Conductivity of CsH,PO, (caesium dihydrogen phosphate, CDP) showing the 
superprotonic transport above the polymorphic transition at 228°C. Inset shows the CsCl- 
type structure (Cs ions are large red spheres) with the six equivalent orientations of the 
rotationally disordered (H,PO,) group. Conductivity measured on heating under a steam 
partial pressure of 0.4 atm, applied to prevent electrolyte dehydration/decomposition. 


of operability of electrochemical devices employing solid acid electrolytes 
(140—280*C) not only achieves enhanced catalysis rates without accelerat- 
ing degradation of auxiliary components, but also exposes the device elec- 
trodes to gaseous reactants rather than to reactants dissolved in an aqueous 
(liquid) phase. At first glance, this latter feature might be considered a 
minor technical difference from the operation of lower temperature sys- 
tems. However, ensuring reactant delivery to reaction sites and removal of 
gaseous products has, in fact, emerged as a major obstacle to the effective 
operation of aqueous and polymer electrolyte systems [15]. 

The features of the main electrolyte systems are broadly captured in 
Fig. 2. While challenges remain and the case for investing in intermediate 
temperature systems is strong, remarkable progress has been made in 
recent years in electrochemical device operation using all three classes of 
proton transport electrolytes. In light of publications of several excellent 
reviews of the high- and low-temperature systems and electrolyte classes, 
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Ambient to 100 °C 140 °C to 280 °C 450 °C to 650 °C 
Aqueous and polymer electrolytes CsH,PO, and derivatives Doped BaZrO, and derivatives 
Require pgm catalysts Under-explored space Electronic leakage 
Corrosive to auxiliary materials Zero electronic leakage Poor Faradaic efficiency 
Incompatible with gas delivery Compatible with gas delivery Poor lifetime of auxiliary materials 


Excellent lifetime 


Fig. 2. Comparison of candidate systems for electrolysis based on the nature of the elec- 
trolyte (pgm = precious group metal). Aqueous and polymer electrolytes are typically H* 
conductors but may be OH conductors. The high-temperature, solid-state electrolytes are 
H* conductors. 


the discussion here provides greater coverage of the intermediate tempera- 
ture system than the other two. 


Electric power generation in fuel cell mode 


A fuel cell with a proton-conducting electrolyte generates electricity by 
facilitating hydrogen electrooxidation at the anode and oxygen electrore- 
duction at the cathode: 


Anode: 2H, — 4H” + 4e (1) 
Cathode: O, + 4H’ + 4e — 2H,O (2) 
At open circuit, when no electrons flow through the exterior circuit, 


the cell voltage is ideally given by the Nernst potential, Ey, associated 
with the sum of the anode and cathode half-reactions: 


E.= A UG - AG. RT In Pio. (3) 
N^ 4n ETCI A C AS 
AF AF AF | By P, 


where A,,,G is the Gibbs energy of the net reaction (hydrogen and oxygen 
forming water), A,.,G is the standard Gibbs energy of the reaction at the 
temperature of interest, and b, is the pressure of species i relative to the 
standard pressure (of 1 bar) and is, for systems operated without pressuri- 


zation, numerically equal to the partial pressure of species i. The 


290 S.M. Haile 


subscripts c and a indicate cathode and anode chambers, respectively. In 
liquid electrochemistry, it is typical to treat the reactants as occurring in 
their standard states, such that the second term in Eq. (3) falls out, giving 
the standard Nernst potential, E. In solid-state systems, however, in 
which gases are supplied to the electrode chambers, accounting for the 
non-standard conditions is the norm. In all cases, the Nernst potential and 
hence expected open circuit voltage is «1 V (or slightly greater). 

Upon drawing current from the cell to deliver electrical power, the 
voltage drops, and the resulting voltage vs. current density relationship 
defines the polarization curve, which in turn defines the power density 
curve, Fig. 3. In the low-temperature systems, a nonlinear activation volt- 
age loss is typically evident at small values of current density (resulting 
from low catalytic activity at the electrodes). This feature is typically 
absent from high-temperature systems, and the electrodes behave linearly. 
Nevertheless, they are often analysed in terms of Butler- Volmer kinetics, 
which inherently imply a nonlinear voltage—current relationship. Deviation 


Power Generation 
(Fuel Cell Mode) 


Electrolysis 


Voc™En En(T,) > Ey(Ty) 


high temperature electrolyte 


Cell voltage 


low temperature 
electrolyte 


Current density 


Fig. 3. Schematic polarization curves for electrochemical device operation with a 
hydrogen-rich gas supplied to the fuel electrode and oxygen-rich gas to the air electrode. 
In low-temperature (near ambient) systems, large overpotentials associated with the elec- 
trochemical reactions are typically encountered, reflected in strongly nonlinear behaviour 
near open-circuit (zero-current density) conditions. The open-circuit voltage (Voc) is ide- 
ally given by the Nernst potential (Ey, Eq. (3)). 
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Table 1. Characteristics of representative, state-of-the-art fuel cells built around proton 
conducting electrolytes. 


System TCC) Electrolyte Cathode Anode Power density 


@ 0.6 V (W/cm?) 
PEMFC 70 Nafion 0.30 mg Pt/em* 0.30 mg Pt/em* 0.91 
[16, 17] 1 atm O, 1 atm H, 
SAFC 240 CsH,PO,; 1.75 mg Pt/cm’ 0.50 mg Pt/cm? 0.38 
[18] 0.6 atm O, 0.6 atm H, 
PCFC 500 BZCYYb4411° PBSCF Ni 0.52 
[19] air 0.97 atm H," 


Notes: ‘0.4 atm H,O supplied to both electrodes to suppress electrolyte decomposition; 
"B a(Zr, ,Ce,, Y, Yb,)O;; 
"PrBa, Sr, Co, sFey 305.53 
"balance (0.03 atm) H,O. 


of the open-circuit voltage from the Nernst potential is generally attrib- 
uted to activation losses or fuel cross-over in low-temperature systems. In 
high-temperature systems, electronic leakage through the electrolyte is 
more commonly the culprit. 

The power densities achieved from representative, state-of-the-art 
PEMEFCs, solid acid fuel cells (SAFCs) and protonic ceramic fuel cells 
(PCFCs) vary widely, Table 1. The relative advantages and disadvantages 
of these systems extend beyond this single metric, but the comparison is a 
useful starting point for assessing those additional factors in future efforts. 


Electrolysis 


Electrolysis using a proton-conducting electrolyte proceeds by a "simple" 
reversal of the fuel cell reactions. Subtleties arise because the electrocata- 
lysts useful for the forward reactions (fuel cell mode) may not be suitable 
in the opposite direction. This is particularly true of solid acid systems, in 
which the Pt catalyst readily undergoes oxidation at the anode under elec- 
trolysis conditions. Another subtlety surrounds the voltage required to drive 


s i " 0X. D 
the electrolysis reaction. It is often stated that 1.23 V (= aat] is the mini- 


mum voltage for the water-splitting reaction. In fact, this is only true in 
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systems in which hydrogen and oxygen are produced as gases with a pres- 
sure of 1 atm, as occurs in liquid electrolysis. At high temperatures, 
because the gases can attain arbitrary partial pressures, steam electrolysis 
can proceed at lower voltages. Nevertheless, to enable comparison to lower 
temperature systems, high-temperature systems are often operated with 
1 atm hydrogen supplied to the fuel electrode (now the cathode) and 1 atm 
oxygen supplied to the air electrode (now the anode), and the applied volt- 
age/current increases the respective hydrogen and oxygen partial pressures 
beyond the values at which the gases are supplied. Operation in this manner 
furthermore enables assessment of suitability of the system to generate 
high-pressure hydrogen. Nevertheless, the possibility of splitting steam at 
low voltage, well below 1.23 V, should not be discounted as it opens up 
possibilities of integrating with a broad range of photovoltaic systems with 
moderate open-circuit values. Returning to the typical condition in which 
reactant gases are supplied at close to standard pressures, operation at 1.4 V 
results in waste heat generation that balances the endothermic reaction 
enthalpy and hence is termed the thermoneutral point. While high-temper- 
ature systems provide appreciable current at this voltage, typical low-tem- 
perature systems require a larger driving force to achieve the water-splitting 
reaction. Representative, state-of-the-art electrolysis performance charac- 
teristics across the selected systems are summarized in Table 2. 


Table 2. Characteristics of representative, state-of-the-art electrolyzers. Here the aque- 
ous system incorporates a hydroxyl (OH ) ion conductor rather than a proton conductor. 
In recent years, aqueous alkaline electrolytes have been increasingly replaced by anion 
exchange membranes [20]. 


System T CC) Electrolyte Anode Cathode Current density 


(A/em’) 
Alkali 25 1 M KOH, Ni Ni 0.16 @ 1.6 V 
[21] (20 bar) O, saturated 
PEM 593 Nafion IrO, Pt@C 0.47 @ 1.8 V 
[6,22] (10 bar) 
PCFC 500 BZCYYb4411* PBSCF* Ni 0.72 @ 1.35 V 
[23] 0.03 atm H,O° 0.97 atm H," 


Notes: “Ba(Zry ,Cey Y, Yb,,)O,; 
"PrBa, Sr, Co, ;Fe,,O;,; 
“Balance (0.03 atm) H,O. 
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Returning to the question of electrocatalyst selection and design, the 
ideal electrochemical system would support reversible operation between 
electrolysis and electrical power generation. Such a system would enable 
chemical energy storage when electricity is available in excess and then 
provide electricity when demand exceeds the supply available from the 
wind or solar resource. This strategy has advantages over battery storage 
because, among other benefits, the size of the conversion device and that 
of the storage unit are decoupled. However, the round-trip efficiency of 
reversible electrochemical cells generally lies below that of batteries, 
underscoring the need to develop more active catalysts. To date, among 
systems employing proton conductors, only those based on ceramic elec- 
trolytes have been operated in reversible mode [23]. In such materials, 
Faradaic efficiency losses are particularly severe because the electrolyte 
itself becomes oxidized during electrolysis, increasing its p-type elec- 
tronic conductivity [10]. 


Ammonia oxidation for hydrogen production and 
power generation 


Among potential liquid hydrogen carriers, ammonia offers obvious ben- 
efits because the product that remains after extracting the hydrogen is 
benign and abundant N,. As nitrogen makes up 7896 of Earth's atmos- 
phere, there is no need to return the depleted carrier for regeneration. This 
stands in a stark contrast to alternative candidates such as methylcy- 
clohexane, which is transformed to toluene upon dehydrogenation. 
Furthermore, the mass fraction of extractable hydrogen is highest for 
ammonia among candidate carriers, and many parts of the world already 
have an extensive ammonia delivery infrastructure due to the tremendous 
importance of this molecule to agriculture. 

Electrooxidation of ammonia in an electrochemical system based on 
a proton-conducting electrolyte involves the following anode reaction: 


Anode: 2NH, — 3N, + 6H' + 6e (4) 


For direct use of ammonia in power generation, this anode reaction is 
coupled to the same cathode reaction relevant to a hydrogen-powered fuel 
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cell. For the production of hydrogen, the cathode reaction is the hydrogen 
evolution reaction, identical to that which occurs in electrolysis. The tox- 
icity of ammonia renders it unlikely to be used in consumer applications, 
in particular passenger vehicles. A more plausible scenario is one in which 
ammonia is "electrolyzed" into hydrogen and nitrogen at distributed loca- 
tions at which passenger vehicles are supplied with hydrogen to operate 
conventional PEMFCs. Here the challenge is the extreme toxicity of 
ammonia to the PEMFC anode catalysts. Thus, the electrochemical pro- 
duction must yield high-purity hydrogen, in addition to operating at low 
overpotential so as to minimize the electrical energy input and thus the 
cost of the process. Additionally, it is imperative to avoid oxidation of the 
nitrogen that would generate NO,, an all-too-common product in low- 
temperature systems [24]. In this application space, solid acid electro- 
chemical cells have taken the lead. The author's laboratory has demonstrated 
100% Faradaic efficiency for extraction of H, from NH,, achieving a 
hydrogen production rate of 3 ml(H,) min ! cm” at a total operating volt- 
age of just 0.39 V using a dual-layer anode, with Cs-promoted Ru serving 
as an ammonia decomposition catalyst and Pt as a hydrogen electrooxida- 
tion catalysts [25]. At the temperature of operation of 240?C, the Pt elec- 
trocatalyst is not poisoned by the residual NH, remaining after the gas 
passes the decomposition layer and no NO, gases are formed. The combi- 
nation of performance metrics achieved is unrivalled. Nevertheless, 
opportunities for further decreasing the voltage requirement and increas- 
ing the catalyst lifetime remain. 


Electrosynthesis of ammonia 


Electrosynthesis of value-added chemicals using proton-conducting elec- 
trolytes is a nascent area. In addition to N, reduction to generate NH,, the 
reverse of Eq. (4), CO, reduction, has garnered significant recent atten- 
tion. The former has clear significance in terms of a hydrogen delivery 
infrastructure; the role of the latter in a sustainable future is unclear. 
Ammonia today is produced by the famed Haber-Bosch process, in which 
H, and N, are reacted under high-temperature, high-pressure conditions. 
Ammonia synthesis is recognized as a significant source of CO, 
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emissions, but this is largely because the hydrogen used in the process is 
derived from fossil fuel steam reforming [26]. The energy input (for 
reaching the high-pressure conditions for reacting H, and N,) amounts to 
just 15-20% of the total [27], thus even today’s technologies, if combined 
with carbon-free hydrogen, have real potential for reducing the carbon 
footprint of ammonia production. Electrochemical synthesis offers two 
possible advantages: (1) The voltage in the device generates an effective 
high pressure, at least of hydrogen, that is much higher than can be 
reached by mechanical pumping. In turn, this pushes the system thermo- 
dynamics to favour NH, production over retaining the H, and N, reactants, 
opening a possible route to increasing the energy efficiency of the process. 
(2) The reactor conditions can be achieved in small, modular systems, as 
compared to the immense plants currently deployed in the Haber-Bosch 
plants, democratizing access to the technology. In the latter case, large 
systems are required to render the cost of investing in high-pressure equip- 
ment profitable [28]. 

The chemical challenge of ammonia electrosynthesis arises from the 
facile evolution of H, at the device cathode, which can then outcompete N, 
reduction. To date, no electrocatalyst system meeting the efficiency 
requirements for cost-competitive ammonia production has been reported 
[29]. Furthermore, in several cases, background NH, has exceeded the 
amount generated, sending researchers along unproductive paths [30]. This 
challenge notwithstanding, systems based on proton conducting oxides, 
typically fabricated with Ag-Pd electrodes, have shown the most promise; 
ammonia production rates in the range of 1-5 x 10^ mol s'' cm ^ have been 
reported by several laboratories using such cells [31]. Perhaps the most 
intriguing results have been obtained using a protonic ceramic electrolyte 
in conjunction with a metal nitride cathode, VN [32]. The hypothesis here 
is that the cathode reaction proceeds via a Mars-van Krevelen mechanism 
in which protons react with nitrogen atoms in the lattice, and the resulting 
vacancies are refilled by dissociated gas-phase nitrogen. The rate of ammo- 
nia production was an impressive 8 x 10 ^ mol s ' cm” at 0.3 V overpoten- 
tial and a temperature of 550?C. Suppression of the hydrogen evolution to 
increase the Faradaic efficiency beyond the «546 observed is surely the 
next target for this line of investigation. 
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Concluding remarks 


The dramatic decline in the price of wind and solar electricity opens up 
new possibilities for the use of carbon-free electrical power to generate 
useful chemicals. At the same time, the intermittency of these sources 
necessitates renewed focus on energy storage for on-demand use. 
Hydrogen production by electrolysis, a possible storage strategy, is 
approaching commercial viability. In fact, even today, about 446 of the 
world's hydrogen is produced by electrolysis. Shipping hydrogen, how- 
ever, remains daunting. Ammonia is an intriguing potential solution to this 
challenge. The decomposition of ammonia to generate high-purity hydro- 
gen has been demonstrated. Achieving technoeconomic success in ammo- 
nia electrosynthesis, the other half of the ammonia-as-hydrogen-carrier 
approach, awaits breakthroughs in catalyst design, with nitrides currently 
the leading contenders to address this need. 


Acknowledgements 


The author acknowledges the financial support of the McCormick College 
of Engineering Catalyst Award. 


References 


[1] N. S. Lewis and D. G. Nocera, Proc. Natl. Acad. Sci. USA 103, 15729 
(2006). 

[2] H. B. Gray, Nat. Chem. 1, 7 (2009). 

[3] S. Kim, S. Park, S. Kim, and S.-H. Rhi, J. Electron. Mater. 40, 812 (2011). 

[4] R. C. Samsun, L. Antoni, M. Rex, and D. Stolten, Energy Env. (Julich 
Forschungszentrum, 2021). 

[5] Y. Lee, U. Lee, and K. Kim, /nt. J. Hydrogen Energy 46, 14857 (2021). 

[6] D. Ferrero, A. Lanzini, M. Santarelli, and P. Leone, Int. J. Hydrogen Energy 
38, 3523 (2013). 

[7] P. Preuster, C. Papp, and P. Wasserscheid, Acc. Chem. Res. 50, 74 (2017). 

[8] K. A. Mauritz and R. B. Moore, Chem. Rev. 104, 4535 (2004). 

[9] C. C. Duan, J. K. Huang, N. Sullivan, and R. O’Hayre, Appl. Phys. Rev. 7, 
40 (2020). 

[10] H. Y. Zhu, S. Ricote, and R. J. Kee, J. Phys. Energy 4, 17 (2022). 


[11] 
[12] 
[13] 
[14] 
[15] 
[16] 
[17] 
[18] 


[19] 
[20] 


[21] 


[22] 
[23] 
[24] 
[25] 
[26] 
[27] 
[28] 


[29] 
[30] 
[31] 


[32] 


Protonics for Electrochemical Transformations in a Sustainable Future 297 


S. M. Haile, C. R. I. Chisholm, K. Sasaki, D. A. Boysen, and T. Uda, 
Faraday Discuss. 134, 17 (2007). 

S. M. Haile, D. A. Boysen, C. R. I. Chisholm, and R. B. Merle, Nature 410, 
910 (2001). 

D. A. Boysen, T. Uda, C. R. I. Chisholm, and S. M. Haile, Science 303, 68 
(2004). 

R. B. Merle, C. R. I. Chisholm, D. A. Boysen, and S. M. Haile, Energy 
Fuels 17, 210 (2003). 

J. M. Spurgeon and N. S. Lewis, Energy Environ. Sci. 4, 2993 (2011). 

A. G. Olabi et al., Energies 15, 35 (2022). 

B. G. Pollet, Electrochem. Commun. 11, 1445 (2009). 

D. C. Orozco, O. Dyck, A. B. Papandrew, and T. A. Zawodzinski, J. Power 
Sour. 408, 7 (2018). 

S. Choi et al., Nat. Energy 3, 202 (2018). 

Immanuel Vincent, Dmitri Bessarabov, “Low cost hydrogen production by 
anion exchange membrane electrolysis: A review,’ Renewable and 
Sustainable Energy Reviews, 81(2), 1690-1704 (2018). doi: 10.1016/j. 
rser.2017.05.258 

A. Ursua, L. M. Gandia and P. Sanchis, “Hydrogen Production From Water 
Electrolysis: Current Status and Future Trends,” in Proceedings of the 
IEEE, 100(2) 410—426 (2012). doi: 10.1109/JPROC.2011.2156750. 

F. Marangio, M. Santarelli, and M. Cali, Int. J. Hydrogen Energy 34, 1143 
(2009). 

S. Choi, T. C. Davenport, and S. M. Haile, Energy Environ. Sci. 12, 206 
(2019). 

S. A. Lee, M. G. Lee, and H. W. Jang, Sci. China Mater. (2022). 

D. K. Lim et al., Electrochimica Acta 288, 12 (2018). 

C. Smith, A. K. Hill, and L. Torrente-Murciano, Energy Environ. Sci. 13, 
331 (2020). 

I. Rafiqul, C. Weber, B. Lehmann, and A. Voss, Energy 30, 2487 (2005). 
G. Hochman, A. Goldman, and F. A. Felder, In Biomass, Biofuels, 
Biochemicals, G. S. Murthy, E. Gnansounou, S. K. Khanal, and A. Pandey, 
(Eds.) (Elsevier) (2022), pp. 243-258. 

N. Lazouski et al., ACS Energy Lett. 7, 2627 (2022). 

S. Z. Andersen et al., Nature 570, 504 (2019). 

V. Kyriakou, I. Garagounis, E. Vasileiou, A. Vourros, and M. Stoukides, 
Catal. Today 286, 2 (2017). 

V. Kyriakou, I. Garagounis, A. Vourros, E. Vasileiou, and M. Stoukides, 
Joule 4, 142 (2020). 


This page intentionally left blank 


© 2024 The Solvay Institutes 
https://doi.org/10.1142/9789811282324 0029 


Finding a Path to CO, Utilization 
on a Scale that Matters 
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Opportunities and current state of research 
in CO, utilization 


Anthropogenic greenhouse gas (GHG) emissions have increased the partial 
pressure of atmospheric CO, to its highest level in the past 3 million years 
[1]. A rapid emissions drawdown is needed to minimize the risk of trigger- 
ing climate tipping points that would substantially change Earth system 
components with severe negative impacts on the planet's biomes and 
human welfare [2]. At odds with this imperative is the enormous and grow- 
ing demand for energy, 80% of which is supplied by fossil fuels. Eliminating 
GHG emissions from the global energy system requires massive shifts, 
foremost being a transition from coal and natural gas power plants to 
renewable electricity. With a renewable grid, it is possible to decarbonize 
many energy services including light-duty transportation, heating, and 
cooling through direct electrification [3]. However, eliminating carbon- 
based products from other energy services is infeasible for the foreseeable 
future. Liquid fuels are indispensable for heavy-duty transport, aviation, 
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and marine shipping, which comprise >60% of the ~100 million barrels 
consumed daily [4]. Demand for these services will increase with global 
economic growth. Carbon-based chemicals and materials are essential for 
every industry. Plastics alone account for 8% of oil and gas use and 4% of 
GHG emissions, with these numbers projected to double by 2050 [5]. The 
emissions problem cannot be solved without CO, utilization — the produc- 
tion of fuels and chemicals from CO,, H,O, and renewable energy. 
Decoupling carbon-based products from fossil resources also provides 
opportunities to improve global energy security. While these considerations 
have motivated researchers for many years, the unrivalled scale and time 
sensitivity of the problem pose an urgent need for actionable advances. 

Non-fossil fuels and chemicals are currently made from biomass, 
thereby letting natural photosynthesis perform CO, conversion. With few 
exceptions, the feedstocks used for bio-based products are glucose or 
vegetable oils derived from agriculture. This practice competes with food 
production, which in a global market ultimately leads to the destruction of 
natural carbon sinks and biodiversity harbours (e.g., rainforests) to create 
more agricultural land [6]. To avoid this calamitous pitfall, it is critical to 
utilize inedible biomass (lignocellulose) that is obtained without land use 
change, ideally residuals from existing processes [7]. Judicious lignocel- 
lulose utilization could provide carbon-neutral replacements for petro- 
chemical products. While much attention has focused on fuels, chemicals 
and materials are better matched to the scale of truly sustainable feed- 
stocks. The research challenge is transforming recalcitrant and heteroge- 
neous lignocellulosic feedstocks into useful products without using large 
quantities of non-renewable inputs. 

Bio-based products are limited by the low solar-to-biomass efficiency 
of natural photosynthesis, which is typically <1% in plants [8]. Collecting 
and converting biomass to a useful product takes the overall sunlight-to- 
product efficiency even lower. Synthetic approaches are therefore essen- 
tial to producing sustainable carbon-based products on the gigaton scale. 
Using renewable electricity to power the conversion of CO, and H,O into 
fuels and chemicals could achieve far greater efficiency than natural pho- 
tosynthesis. As a simple example, a 10% sunlight-to-product efficiency 
could be achieved by combining a 20% efficient photovoltaic with a 50% 
efficient power-to-product process. 
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Renewable electricity can be used to power CO, conversion directly 
via CO, electrolysis. Building on seminal early studies [9], research in this 
area has grown exponentially in the past decade. Electrolysers that convert 
CO, into CO and O, have reached nascent commercialization [10]. Since 
CO is a common intermediate in chemical and fuel production, these sys- 
tems could in principle provide renewable routes to high-volume prod- 
ucts. Reaching an impactful scale hinges on improving their energy 
efficiency and manufacturability, which will likely require breakthroughs 
in materials (e.g., catalysts and separators) and better control of the trans- 
port phenomena that govern performance under process-relevant condi- 
tions [11]. Beyond CO, electrochemical CO, conversion using Cu 
catalysts produces more valuable products like ethylene, an emissions 
intensive super-commodity. While laboratory cells have shown promising 
ethylene selectivity and production rates, their development is currently 
far behind CO,-to-CO electrolysis. 

An alternative to CO, electrolysis is to make H, via water electrolysis 
and then perform CO, hydrogenation. Water electrolysis is an established 
industrial technology, with >80% efficiency for the electrolyser and >65% 
for the full system (electricity to H, lower heating value) [12]. CO, can be 
hydrogenated to produce CH,, CO, or CH,OH selectively depending on 
the catalyst and process conditions. There are commercial processes to 
transform syngas (CO and H,) or CH,OH into multi-carbon fuels and 
chemicals. Combining CO, hydrogenation with these technologies would 
provide a renewable route to many high-volume products while leveraging 
existing infrastructure. Innovations in catalysts and process design are 
needed to improve CO, hydrogenation efficiency and its integration with 
downstream conversions to make these systems competitive with fossil 
fuels. Another approach is to hydrogenate CO, to multi-carbon fuels in a 
single step, thereby eliminating the need for a separate reactor to make 
CH,OH or CO [13]. This approach could be advantageous if the rates and 
product distributions can be greatly improved. 

Carbon dioxide utilization depends on the provision of a concen- 
trated CO, supply. Several tens of millions of tons of relatively high 
purity (95-99%) CO, is emitted from ethanol fermentation and ammonia 
synthesis plants [14]. As of 2022, operational carbon capture and 
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sequestration (CCS) facilities have the capacity to capture >40 Mton/yr 
and >200 Mton/yr additional capacity is under development [15]. With 
amine scrubbing technology, capturing CO, from coal flue gas requires 
<250 kWh of equivalent work per ton [16], or ~3% the energy required 
to convert CO, to fuel at 50% energy efficiency. To supply gigaton-scale 
utilization, CO, will eventually need to be captured directly from air. 
Leading direct air capture (DAC) technologies require ~2 MWh of elec- 
tricity per ton if a heat pump is used and 0.7 MWh if waste heat is used 
[17], which could be provided by integrating DAC with CO, 
utilization. 


My recent research contributions to CO, utilization 


Over the past several years, my group has developed carbonate-promoted 
and carbonate-catalysed reactions to unlock new ways of utilizing CO, for 
chemical and fuel synthesis. Our approach was originally inspired by the 
Calvin cycle, which fixes CO, using the enzyme RuBisCO to perform 
C-H carboxylation — the conversion of a C-H bond and CO, into a car- 
boxylate (C-CO, ) using a base to remove the proton. RuBisCO only 
carboxylates ribulose-1,5-bisphosphate, which has an activated C-H 
bond. Attracted by its conceptual simplicity, we began investigating ways 
to generalize C—H carboxylation for the synthesis of carboxylic acids with 
high-volume applications. 

The challenge with C-H carboxylation is that most C-H bonds have 
very high pK,s (230). Deprotonating such bonds typically requires very 
strong bases (e.g., organolithiums) that have emissions footprints far out- 
weighing the CO, that is consumed in a C-H carboxylation reaction. To 
avoid indirectly releasing more CO, than is consumed, one needs a base 
that can be regenerated with minimal energy and resource use. We con- 
cluded that carbonate (CO,’) is the only viable option [18]. In conven- 
tional solution-phase chemistry, CO," is a weak base that cannot 
deprotonate high-pK, C-H bonds. We therefore began exploring solvent- 
free systems to see if it is possible to increase CO,” basicity in these 
unusual media. Salts composed of alkali cations and carboxylate anions 
proved fruitful. Depending on the cation and the carboxylate structure, 
these salts can form molten phases at temperatures below the onset of 
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decomposition. We discovered that when CO,” is dissolved in an alkali 
carboxylate melt, it can reversibly deprotonate high-pK, C-H bonds in the 
presence of CO,, which leads to C-H carboxylation [18, 19]. Using the 
alkali carboxylate itself as the substrate, simply heating a mixture of alkali 
carboxylate and alkali carbonate under CO, beyond a melting transition 
results in CO; -promoted C-H carboxylation. 

We have used CO,’ -promoted C-H carboxylation to develop a new 
route to furan-2,5-dicarboxylic acid (FDCA) (Fig. 1) [18, 20]. FDCA is a 
substitute for purified terephthalic acid (PTA), a petrochemical used to 
make polyethylene terephthalate (PET), which is the world’s second larg- 
est commodity plastic [21]. In our route, CO; -promoted C-H carboxyla- 
tion converts alkali furan-2-carboxylate into the dicarboxylate, from 
which FDCA is isolated by protonation. The salt by-product is converted 
back to alkali carbonate and acid at a low energy input using electrodialy- 
sis technology. Furan-2-carboxylic acid can be made by aerobic oxidation 
of furfural, which is the only chemical currently produced on large scale 
from lignocellulose. Thus, CO; -promoted C-H carboxylation enables 
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Fig. 1. Carbonate-promoted C-H carboxylation of furan-2-carboxylate and its use to 
synthesize FDCA from lignocellulose, air, and CO,. FDCA is a PTA replacement. 
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the conversion of lignocellulose, air, and CO, into a building block for 
commodity polymers. More recently, we have extended this C-H car- 
boxylation chemistry to make lignocellulose-derived furanic polyamides 
with favourable thermal properties [22-24]. 

To expand the generality of this approach, a new strategy was needed 
to enable CO,” to promote C-H carboxylation of gas-phase reactants. We 
found that dispersing M,CO, into mesoporous supports (oxide or carbon 
materials) disrupts the M,CO, crystallinity, generating an amorphous, 
high surface area M,CO, with undercoordinated CO,” ions that behave as 
superbases at elevated temperatures (Fig. 2(a)). We have used these mate- 
rials (“dispersed carbonates”) to perform C-H carboxylation of arenes 
(e.g., benzene) and heteroarenes (e.g., 1-methyl indole) by simply heating 
the dispersed carbonates under elevated pressure of CO, and substrate at 
280—400°C [25, 26]. The carboxylate products can be converted into isol- 
able methyl esters with concomitant regeneration of the dispersed carbon- 
ates by treating the product with methanol and CO, or with dimethyl 
carbonate at 160—280?C. Thus, two-step cycles of C-H carboxylation and 
methylation can be used to convert (hetero)arenes into aromatic esters 
(Fig. 2(b)). 


M,CO,/Support 


mesoporous dispersed 
support carbonate 


(b) 2 R-H+ CO, H,O 


Carboxy/5> 
Methy\atio® NÑ support 


ocu, * PO CO, + 2CH,OH 


Carbonate-Catalyzed 
Reverse Water- 
Gas Shift 


Fig. 2. (a) Schematic depiction of alkali carbonate (M,CO,) dispersed in a mesoporous 
support. (b) Synthesis of (hetero)arene esters from (hetero)arenes using C-H carboxyla- 
tion and methylation. (c) Carbonate-catalysed reverse water-gas shift catalysis. 
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Carboxylation in the gas phase provided an entry point to CO, hydro- 
genation catalysis. Interestingly, benzene and H, have the same heterolytic 
bond dissociation enthalpy (400 kcal/mol). Given their ability to promote 
C-H carboxylation of benzene, we envisioned that dispersed carbonates 
would catalyse the reverse water-gas shift (RWGS) reaction (CO, hydro- 
genation to CO) via a cycle shown schematically in Fig. 2(c). Analogous 
to C-H carboxylation, deprotonation of H, by CO,” forms a hydride (H`) 
that attacks CO, to form formate (HCO, ). Unlike C-CO, , however, 
HCO, is not a terminal product. Proton transfer from C to O promotes 
dissociation to CO and OH , which deprotonates HCO, to form H,O and 
regenerate CO, , thereby closing the catalytic cycle. 

RWGS is endothermic (AH? = 41 kj/mol). One of the biggest chal- 
lenges for RWGS catalysis is suppressing CO, hydrogenation to CH,, 
which is very exothermic (AH? = —165 kj/mol). Current RWGS technolo- 
gies utilize Ni steam reforming catalysts that are unselective. To suppress 
methane, these catalysts must be operated at very high temperatures (typi- 
cally >900°C) where the endothermic RWGS reaction becomes thermo- 
dynamically favoured [27]. By contrast, we envisioned that CO, -catalysed 
CO, hydrogenation would be highly selective for RWGS because alkali 
carbonates have very little affinity for CO and therefore no way to reduce 
CO further to CH,. 

Gratifyingly, dispersed carbonates have proven to be highly active, 
robust, and extremely selective RWGS catalysts in a temperature regime 
where CH, is strongly thermodynamically favoured [28]. High-performing 
catalysts can be prepared from very low-cost materials — e.g., K,CO, and 
mesoporous 5-AL,O, — using procedures commonly employed for high- 
volume catalyst manufacturing. Because they do not contain transition 
metals, dispersed carbonates are tolerant to impurities found in CO, 
streams, such as H,S. 

By producing the CO component of syngas, RWGS catalysis provides a 
link between established water electrolysis and syngas-to-liquids technolo- 
gies to enable integrated power-to-liquid (PtL) systems for producing sus- 
tainable liquid fuels. Water electrolysis is projected to reach >200 GW 
operational capacity in the next decade [29]. Syngas conversion using 
Fischer-Tropsch technology is proven on scale in plants that produce 
>100,000 barrels per day of liquid hydrocarbon fuels and chemicals [30], 


306 M.W. Kanan 


while recently commercialized gas fermentation technology converts syngas 
into ethanol [31]. The efficiency and cost of PtL systems that utilize water 
electrolysis and syngas-to-liquid processes depend critically on the perfor- 
mance of the RWGS unit that links them together. The very high-tempera- 
ture regime required for conventional Ni catalysts necessitates expensive 
materials of construction and complicates heat integration with the rest of a 
PtL process. Ni is also a liability for high-volume catalyst applications given 
the surge in demand from batteries. Carbonate-catalysed RWGS provides 
opportunities to build new PtL process designs that lower the barrier to 
scaling. 


Outlook to future developments of research 
on CO, utilization 


The next 10 years are critical for demonstrating that CO, utilization can 
be a significant source of carbon-based products and contributor to emis- 
sions drawdown. A healthy competition between electrochemical and 
chemical (e.g., hydrogenation) approaches will increase the likelihood 
that CO, utilization technologies compete with fossil incumbents. 
Successful technologies will not only optimize efficiency but also crea- 
tively integrate with existing infrastructure and industrial emission 
streams. There are abundant opportunities for the research community to 
accelerate the trajectory of established pathways or unveil new ones. 
Dividing effort between fundamental and applied research is counterpro- 
ductive. Integrating science with device engineering and process design 
has the greatest likelihood of creating advances that will translate to real 
technologies. Given the urgency and enormity of the carbon problem, the 
only meaningful measure of the impact of a research development in CO, 
utilization will be the scale at which it is ultimately utilized and the emis- 
sions reductions that result. The “impact factor" for CO, utilization 
research will eventually be measured only in tons. 
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Design and Evolution for New 
Metabolism with Speed and Scale 
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Biology plays a major role in the carbon cycle on Earth. It was estimated 
that terrestrial photosynthesis draws down 120 giga tons of carbon per 
year, half of which is released back into the atmosphere by respiration. 
The remaining carbon is slowly converted to CO, and CH, due to micro- 
bial metabolism, with about 1046 stored in soil. The carbon cycle reached 
an equilibrium to establish a relatively stable level of atmospheric CO,, 
until the industrial revolution. To date, burning of fossil fuel emits more 
than 10 giga tons of carbon annually, which upsets the natural balance of 
the carbon cycle and caused a rapid increase of atmospheric greenhouse 
gas (GHG) in the past 100 years or so. The rise in GHG in the air has 
caused global warming and more frequent occurrence of extreme weather 
events. 

The 2018 IPCC report “Global Warming of 1.5°C” recommends 
that CO, emission must be reduced by 50% by 2030 and reach net zero 
by 2050 in order to limit global warming to 1.5?C. In addition, meth- 
ane emission also needs to be reduced by 50% by 2030. To meet this 
target, the current fossil fuel-based economy must be changed to 
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renewable-based economy to avoid carbon emission. Thus, conversion 
of C1 compounds (CO,, methanol, and methane) to useful chemicals 
is essential to achieve "net zero" by 2050. In this regard, biology 
becomes an important player because of the specificity and diversity 
of biological chemistry. However, the biological chemistry nature 
evolves does not address the problems that we face today which must 
be solved with speed and scale. Thus, new metabolism is needed to 
meet our needs. 


Redesign and re-evolution of metabolism 


The initial stage of metabolic redesign is focusing on demonstrating the 
plasticity of metabolic systems by converting a carbon substrate to a spe- 
cific chemical in an organism that does not natively do so. At this stage, 
the common strategy is the identification of enzymes from various organ- 
isms and expresses them properly in a desirable organism that is amenable 
to genetic manipulation or possesses a specific phenotype of interest. An 
example is the isobutanol production using E. coli [1], which is a non- 
native yet toxic product for the organism. The redesign of a metabolic 
pathway may be straightforward, but the rewiring of regulatory systems 
for optimal production often presents a major challenge. 

Another example is the production of 1-butanol in E. coli [2]. The 
pathway requires only a handful of heterologous genes, which should be 
relatively easy to transfer from various organisms to E. coli to fit in the 
existing biotechnology and industrial platform. However, despite many 
trials by multiple groups, E. coli was unable to match the level of produc- 
tion demonstrated by the native butanol producer — Clostridium. We then 
developed an evolution strategy to couple production with growth and 
showed that by manipulating the driving force of metabolism, E. coli can 
produce to a level matching the Clostridium performance. This example 
demonstrates that rational design coupled with in vivo evolution is a pow- 
erful way to develop biological chemistry with speed and efficiency. To 
date, numerous chemicals of various complexity have been engineered for 
multiple platform organisms, demonstrating the plasticity of downstream 
metabolism after substrate assimilation. However, few are focusing on the 
speed and scale required to combat the climate problem. 
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To do so, the following problems must be addressed: (1) the redesign 
of the metabolic infrastructure, including CO, fixation, photorespiration, 
and sugar metabolism, and (2) the strategy for re-evolution in vivo to 
increase the speed and scale (efficiency). 


Preventing carbon loss in photosynthesis 


Rubisco is responsible for the majority of CO, fixation on Earth. Rubisco 
itself is not sensitive to oxygen. However, Rubisco cannot distinguish CO, 
from O,, causing oxygenase activity as a side reaction. The result of this 
activity is the oxygenation of the Rubisco substrate ribulose 1,5-bisphos- 
phate to 3-phosphoglycerate and 2-phosphoglycolate. The latter is then 
oxidized to CO, in peroxisome and mitochondria, resulting in the loss of 
carbon. This phenomenon is called “photorespiration” and is particularly 
severe for C3 plants which account for the majority of the plants on Earth. 
It is thought that Rubisco in nature has evolved to a limit that is balanced 
between specificity and activity. 

To alleviate this problem, several authors have engineered plants to 
recycle 2-phosphoglycolate to productive pathways. The first approach 
[3] is to construct an oxidation pathway to break down 2-phosphoglyco- 
late to two CO, in chloroplasts, instead of mitochondria. This would allow 
Rubisco to re-assimilate CO, and partially reduce the carbon loss. The 
second approach [4] is to convert two molecules of 2-phosphoglycolate to 
glycerate with a loss of CO,. The former can then be assimilated into the 
CBB cycle. The third approach [5] is to convert 2-phosphoglycolate to a 
common biosynthetic precursor, acetyl-CoA without carbon loss. This 
would allow the plant to synthesize compounds such as fatty acids that are 
useful as fuel and chemical. These approaches utilize enzymes in different 
organisms and express them in the chloroplasts of plant cells. The last 
approach [6] evolves a new-to-nature enzyme, glycolyl-CoA carboxylase 
(GCC), to fix another CO, to glycolate and eventually convert it to glycer- 
ate for re-assimilation in the CBB cycle. 

These strategies highlight the different approaches for establishing 
"new metabolism" in cells. Taking advantage of enzymes nature already 
evolved would accelerate the progress, but creating new enzymes may 
also have advantages in the future. In either case, the construction of new 
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metabolism by rational design must be followed by in vivo evolution to 
adapt to the cellular environment. 


Rubisco-independent CO, fixation 


Another approach to solve the carbon loss problem in photorespiration is 
to avoid using Rubisco in carbon fixation. Nature has evolved seven path- 
ways for CO, fixation, of which only the CBB pathway uses Rubisco. 
Since it is oxygen-tolerant, it is widely used by phototrophic organisms 
that use light to split water. The other CO, fixation pathways are all oxygen- 
sensitive and involve enzymes that depend heavily on oxygen-sensitive 
iron-sulfur clusters. However, there are some oxygen-insensitive car- 
boxylases that are used for carboxylation reactions in the cell and can be 
repurposed to form CO, fixation pathways. Many of the theoretical CO, 
fixation pathways have been designed based on kinetics and thermody- 
namics considerations [7]. However, most of them involve oxygen- 
sensitive enzymes and are difficult to implement. So far, two CO, fixation 
pathways have been constructed using cell-free systems to demonstrate 
the feasibility of the pathway in vitro. The first one (CETCH cycle) [8] 
uses only an enoyl-CoA carboxylases/reductases (ECR) to fix a carbon on 
crotonyl-CoA (C4) and acrylyl-CoA (C3), respectively, and form a syn- 
thetic cycle. The cycle produces glyoxylate, a C2 compound. The second 
synthetic cycle (rPS-MCG) [9] (Fig. 1(a)) uses a PEP carboxylase (PPC) 
and an ECR to fix two CO, and produces acetyl-CoA, which is also an 
intermediate in the cycle. The cycle can also output any C2, C3, and C4 
intermediate, forming a self-replenishing cycle. The rPS-MCG cycle also 
features a possibility to recover some energy from NADPH in the form of 
FADH2, analogous to the TCA cycle. These cycles are demonstrated in 
“one-pot” in vitro systems to prove the chemical principle and demon- 
strate the efficiency. The in vitro systems tested protein-protein interac- 
tions, stabilities, and cofactor recycling controls, which must be carefully 
balanced, even in in vitro systems. These results demonstrate the potential 
challenges in implementing a fundamental pathway in cells and highlight 
the importance of in vivo evolution in implementing new metabolism, 
which we address shortly. 
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The carbon loss in glycolysis 


Once CO, is assimilated, it is converted to sugar and enters the glycolytic 
Embden—Meyerhof—Parnas (EMP) pathway, the most conserved pathway 
present in almost all organisms. This pathway partially oxidizes glucose 
to make the 2-carbon unit acetyl-CoA for the synthesis of fatty acids, 
amino acids, and most of the bioproducts of interest to industry. However, 
during this process, one-third of the carbon is lost as CO,, resulting in a 
great reduction in carbon yield. This was the reason for the relatively low 
carbon yield of all bioproducts and the significantly reduced competitive- 
ness relative to petroleum-derived products, and the problem is independ- 
ent of the carbon substrates, as long as the metabolism uses the EMP 
pathway to produce acetyl-CoA. To address this problem, we designed a 
synthetic non-oxidative glycolysis (NOG) pathway [10] (Fig. 1(b)) that 
avoids losing carbon during the breakdown of sugars. The proof of con- 
cept was established by demonstrating NOG's function in vitro and 
in vivo. We further developed an E. coli strain that uses NOG as the sole 
pathway for sugar catabolism [11] by rational design followed by step- 
wise in vivo evolution. The in vivo evolution process turns out to be time- 
consuming and suffers from escape strains that utilize alternative 
pathways for growth. This result highlights the need for a more system- 
atic in vivo evolution process and a strategy to align the "design goal" 
with the organism's goal for efficient growth. Nevertheless, the develop- 
ment of a strain that uses NOG to replace EMP demonstrates that even a 
fundamental pathway can be altered by a combination of design and 
evolution strategies. 


The methanol utilization problem 


Similar efforts in redesigning and re-evolving metabolism for methanol 
utilization in microorganisms have also met with comparable problems. For 
example, a methanol condensation cycle (MCC) [12] to ethanol or butanol 
without carbon loss has been designed and shown in vitro. An E. coli that 
can utilize methanol as the sole carbon source for growth has been designed 
and evolved [13]. In short, while designing novel pathways has seen 
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repeated success, implementing them in microorganisms to a level that can 
perform new metabolism with speed and at scale is still challenging. 


Challenges and opportunities in in vivo evolution 


Previous examples have shown that purely relying on rational design 
could not accomplish the goal of "establishing new metabolism for speed 
and scale". A few strategies have been developed to move towards this 
goal. The most common one is to artificially create a library of variants in 
a promoter, ribosome-binding site, gene knockout, or protein sequence, 
followed by screening. The process has also been aided by machine learn- 
ing and automation. However, the constraint on the library size signifi- 
cantly limits the success. Hence, additional tools are required to establish 
new metabolism with speed and scale that may impact the climate solu- 
tion requires additional tools. 

In conjunction with rational design, we explored natural evolution and 
searched for properties that can be exploited in creating the E. coli strain 
that can grow with methanol as a sole carbon source. E. coli has all but 
three enzymes that are required to grow with methanol as a sole carbon 
source [13]. However, despite years of efforts by many groups worldwide, 
the task has proved to be more difficult than initially expected. We first 
used a metabolic model to identify and then removed two potential kinetic 
traps that may cause a metabolic dead-end. The remaining steps were rely- 
ing on in vivo laboratory evolution. The final result showed that the cell 
used a combination of single nucleotide polymorphism (SNP) and copy 
number variation (CNV) to create diversity and achieved a delicate bal- 
ance between detoxification and assimilation. Through evolution, the 
metabolic pathway for methanol assimilation was established and opti- 
mized by balancing the production and utilization of the toxic intermedi- 
ate, formaldehyde. Through this example, we discovered that E. coli can 
dynamically tune the copy number of a specific fragment of DNA on the 
chromosome. The organism utilizes two mechanisms to adjust the copy 
number of a DNA fragment. One depends on IS elements and the other 
does not. We have identified the essential elements that are required for 
the dynamic CNV. Through these mechanisms, the cell can amplify the 
expression of a large number of genes. Upon selection, strains with 


316 J.C. Liao 


appropriately amplified gene sets are enriched. By effectively combining 
SNPs with CNV, the in vivo evolution can be exploited. 

In another example, we knocked out an essential gene, panD, coding 
for aspartate 1-decarboxylase which is essential for 5-alanine synthesis in 
E. coli for growth in glucose minimal medium [14]. We performed an 
in vivo evolution experiment and select cells that can grow without any 
nutritional supplement. The organism was able to "repair" this metabolic 
block by rerouting metabolism in different ways. The first pathway is to 
repurpose the uracil degradation pathway, coupled with necessary auxil- 
iary functions for detoxification. The second is to mutate ornithine decar- 
boxylase (SpeC) to gain a simultaneous decarboxylation and oxidative 
deamination function. This novel activity coupled with other transamina- 
tion reactions and dehydrogenase reactions also "repaired" the panD 
mutation. This example demonstrated that in vivo evolution may have the 
ability to evolve novel activities that are not present in nature. 


Outlook to future developments 


Currently, using biological approaches to solve climate problems depends 
on a few fundamental metabolic pathways that were not evolved for such a 
purpose. To make a practical impact, the speed and scale of biological reac- 
tions must be improved. Both rational design and evolution approaches are 
needed in this endeavour. In particular, in vivo evolution that is responsible 
for establishing natural biological reactions must be further explored. While 
the basic principles for DNA replication, repair, and recombination are rea- 
sonably established, new mechanistic details are required to explore the full 
capacity of in vivo evolution. Together with rational designs, these 
approaches are expected to play a major role in building new metabolism 
that can achieve the speed and scale required to convert single carbon green- 
house gases to chemicals to alleviate the dependence on fossil sources. 
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Daniel Nocera: 

You might be afraid, seeing the challenge of the problem. I wanted to tell 
you just one little quick thing before we dive. I used to do a lot of public 
speaking for energy, and I was with Kurt Vonnegut on a stage. I used to 
say we need to save the planet and he was a little bit of a different thinker. 
He pulled me aside and said: “Dan, you're so worried about the planet". 
He put his hand on my shoulder and said: “Don’t be, she is an organism 
and like all organisms she has a beautiful immunological system. And like 
any organism when the invader compromises the organism, her immune 
system will kick in and eliminate us. So, don't worry as we suffocate her, 
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and we try. She'll just have her immune system kick in and eliminate 
humans. She's going to be just fine." So actually, that makes me happy in 
the energy problem. As you move on, the world is going to be just fine. 
So, it's all about you and not about the planet and you should realize that. 
So, that should make you happy, that's a happy thought. 

I think you saw the complexity of the problem, that's number one, 
I wanted to present how wide in scope it is. So, you saw first materials and 
the importance of materials. You saw chemical synthesis at scale which is 
important for the CO, problem. Roles of biology that can be played, and 
then again, a lot of material science in terms of the batteries and PV. So, 
I did that because I knew there was a broad audience here. First, I'll give 
it to the panel, they can make one statement of what they think is some- 
thing that maybe they needed to say and didn't. But then all I want to do 
since you have these six people covering such a broad area of science, is 
take more questions from you. The energy problem is hard, it's large, and 
the misconception even among scientists, forget the public, is unbelieva- 
ble. And so, here's a chance where you can try to at least put some of the 
questions you have on the table to this panel of experts. I'll start with 
Clare, we're only going to do this once. We're going to speak only once 
and then only get questions from you. If you don't, then I will fill it in with 
questions, but I believe I would like to hear from all of you. So, Clare, if 
you have one thing that you would like to say that you didn't. 


Clare Grey: 
Well, I thought I covered most things, but I think there is a challenge in 


this field where we do need to innovate out of the current system and you 
have a tension between what's feasible in terms of the economics which 
then limits you to certain chemistries. But actually, if we're going to really 
change the way we do things we have to, sometimes, not be limited by 
funders who say: “he’s never going to meet the DOE target, it's not going 
to be that". So, we have to keep an eye on what the target is, but we also 
have to be innovative, and that sometimes means ignoring the short-term 
targets, but thinking about the longer-term targets. 


Sossina Haile: 
I'd say that there are a lot of ways in which electrochemistry can help 
to address the energy problem. So, it would be hard to say what is 
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one specific thing that I overlooked. That's just to say there are many 
electrochemical energy transformations that are critical here and so hope- 
fully we can have a larger discussion about those. 


Matthew Kanan: 

What I was hoping to convey at the end, but I think I kind of rushed 
through it, is that our job, at least the way I see it, is to create viable 
options for technology developers to try to implement and it can be daunt- 
ing sort of thinking about this scale. But there are many existing pathways 
with clearly identified problems that need to be addressed to help those 
become real technologies and then there are of course opportunities for 
new pathways. But you have to be mindful of material availability, so 
material choice in terms of the space that you are going to explore, and 
manufacturability if you want to do something on scale so thinking about 
what type of process could be used to make what you are trying to 
develop. Those are factors that shouldn't impede research of course, but 
I think it's worth exploring those, and being mindful of those as the outset 
is to decide problem selection and how to approach something. 


Sossina Haile: 

I guess one thing that perhaps I could and should have said is that when 
we think about these large-scale solutions, if we think about extrapolating 
any single solution, it becomes impossible. So, I just say that we should 
probably keep that in mind as well: that it's ok to go after part of the prob- 
lem. We don't have to think that 'this particular solution' is going to 
address all of energy. 


Henry Snaith: 

So, with respect to solar energy, it's already working pretty well. That 
shouldn't make us think that we shouldn't work on it or don't need to 
work on it. Firstly, it’s really important that we keep pushing the effi- 
ciency up, that's going to be necessary to keep this deployment curve up. 
Every percentage increase in performance is more power produced from 
renewables linearly. And then the opportunities: I've talked a lot about 
perovskites, and tandems, and multi-junctions. That's one way to make 
higher efficiency. There are a whole host of other opportunities and other 
methods, some of them more practical than others and there's a whole 
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range of potential materials that could also be the next perovskite or well, 
probably if you are in the industry, you might say the next silicon because 
perovskite isn't quite the next silicon yet. But there are lots of opportuni- 
ties there and lots of opportunities for chemistry to contribute massively 
to 1t. 


James Liao: 

So, if we look at the sustainability problem, you can roughly divide it into 
two parts. One is “how do we generate electricity without giving out car- 
bon?'. The other one is *how do we reabsorb carbon that we had to give 
up by making various chemicals?'. So, at all sides I think the chemistry 
and biology approaches are very useful and there are many interesting and 
practical problems that remain to be solved. I think this is a field that 
needs a lot of people to invest their careers in. 


Andreas Züttel: 

I think we should see the transition to renewable energy as a unique 
chance. It will not only be cost, there will also be a lot of benefits in the 
future. We should not forget that 150 years ago when the steam engine 
allowed industrialization, this was not seen positively in the beginning. 
They were fighting against the steam engine. And so, that's why today we 
shouldn't see only problems in the transition but also see the chance for 
the future. 


Daniel Nocera: 

Ok, then I just want to tell you how much fun this field is. I know it 
sounded very applied, but I'll just tell you one little quick thing. So, if you 
wanted to have the poor use water, you can't have clean water. Actually, 
you need to have water hydrogen from urine and that just made us work 
backwards and say: *what do we need?'. It turned out we made a catalyst 
that does self-assembly, it went to all the other talks or sessions so far. 
Most catalysts need to work in concentrated base, and we made a catalyst 
that self-assembled. The energy to do catalysis was greater than the 
energy for self-assembly so when it breaks down it reforms again, and it 
was very much like the session yesterday morning. So, once you start 
working backwards there's an unbelievable number of just fundamental 
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interesting problems. But in this field, you have to really keep your eye on 
the target and basically work backwards to the problem if you're going to 
do it quickly. Also, I think in your questions you can ask any of us where 
the important fundamental science breakthrough came. So, with that, 
I will begin taking questions. 


David MacMillan: 

First of all, thanks to the whole panel, I thought that was a fantastic ses- 
sion. My question is really for James, and I thought he nicely summarized 
these two components that are going on. Coming back to Dan's point: all 
of this is incredibly important and it's important to work on all of it. But 
in terms of what's the most emergent problem, is it getting the carbon out? 
Because at the rate we get to renewables, it could be too late before we 
trigger the immune system. 


James Liao: 

It depends on the country; it is very local. I’m more familiar with the situ- 
ation in Taiwan: we don't have any domestically produced energy, so 
production of electricity is the most important thing for us. Once you have 
electricity you can get the economy going. I don't know if this community 
is aware of RE100: that's the industrial organization. I think it was started 
in the United States by big corporations like Apple, Google, Microsoft, 
and so on... asking their suppliers to use renewable energy by year, 
I forgot, 2050, or 2030, or 2035, otherwise they're not going to continue 
with them as a supplier. So, this has a huge impact on the supply chain 
across the world. Consequently, I think most of the companies are push- 
ing the government to provide green electricity. So that drives up the 
green electricity price. In a way that's good because then that makes the 
development of solar panels a profitable business so people can afford to 
invest in the electricity panel. On the other hand, in terms of carbon, 
I think the EU has just begun to talk about the carbon tax, the border 
carbon tax, carbon credit and so on and so forth but it is still in the talking. 
The United States is refusing to introduce the carbon tax, but most of 
the companies are developing their technologies on the assumption that 
one ton of carbon costs 1000 dollars, basically one dollar per kilo. If you 
don't meet that criterion, companies are not going to invest. So, both are 
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emerging simultaneously, it is just that it doesn't transpire to the general 
public and the academic community is not generally familiar with the 
complications of all these politics. To get back to your point, both are 
important but electricity is more urgent and it is a real problem, it is the 
energy problem that you cannot live without. Carbon can be a political 
issue and is a price issue. A hundred dollars per ton is the goal, if you 
cannot meet that then you don't have a process. So eventually, that will be 
extremely important. 


Daniel Nocera: 

And Dave, just for point of clarification, did you mean CO, in terms of the 
biological problem or specifically or more generally the societal 
problem? 


David MacMillan: 

The rate that we're going towards renewables: in that timeframe we're 
going to get past the tipping point of carbon in the atmosphere so that the 
more pressing question is how you get carbon out of the atmosphere. 
Even though all these solutions, all these things that are incredibly impor- 
tant to work on, is that the more pressing of all the issues? That's my 
question. 


Matthew Kanan: 

I think what you're saying is: should we be focusing on trying to get con- 
trol technologically over the CO, content in the atmosphere or just focus 
on decarbonizing as quickly as possible? So, the latest l've seen on the 
trajectories is that we're on a 2.6 C-trajectory among the different IPCC 
scenarios. All these tipping points, it's just a matter of risk assessment and 
so there's actually a recent paper in Science that walked through kind of 
the status of understanding there. So, what you're talking about, getting it 
out is a removal, that's carbon removal. I view that as actually a tremen- 
dous opportunity and it's kind of the ultimate CO, conversion. The reason 
it's an opportunity is because there are natural resources, there are sili- 
cates, minerals, magnesium-rich silicates called ultramafics, that have the 
capacity to remove hundreds of thousands of gigatons of CO,. They natu- 
rally remove CO, on the order of up to a gigaton per year, that's just a 
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kinetic problem. So thermodynamically it's downhill, magnesium silicate 
is like a “mega-oxide” trapped in a silicate. So, if you can crack the kinetic 
problem of how to accelerate that with minimal energy, then you have the 
opportunity to spend renewable energy and get a lot more carbon benefit 
than you would be spending energy to replace an existing fossil product 
for example. So, I view that as a very healthy competition, it's a very 
controversial area which is why I didn't want to mention it in my talk. If 
you just think in dollars per carbon benefit, I can either replace a product 
with a lower carbon product and someone's going to pay a premium 
because it's going to cost more to make that product. Or I can use that 
same renewable input to remove carbon and if I can remove more carbon 
than I would say that that should be done. So, I think that that's an emerg- 
ing technological option. 


David MacMillan: 
Great answer. I was just thinking along the lines of renewable fuels, like 


thermodynamically the rate where ultimately we should be. But in the 
interim, if there was a tipping point through carbon content, do we need 
to be working or worrying as much for capture? So thanks. 


Daniel Nocera: 

You will always have to cut through the scams unfortunately in our field. 
So, there are people trying to just get Science and Nature papers and 
they're writing one page paragraph intro and they have nothing to do with 
the real problem. The other is, there's money to be made. So right now, 
unfortunately, mechanically taking it out you'll hear people... It's around 
800 dollars to 1000 dollars per metric ton and some of the best groups in 
the world; some at MIT, Stanford,... If you talk to the ones who aren't 
scamming they're going to say it's going to be very hard mechanically to 
get lower cost. So, what Matthew's saying it's a real role for chemistry 
versus a bunch of Emmy's. 


Claire Grey: 
The argument against it is it does allow the fossil fuel industries to con- 


tinue. So, I think one does need to be aware of that and there's this very 
strong lobbying force for carbon capture because of that. 
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Daniel Nocera: 

There's a New York Times editorial from the persons who started carbon 
capture and started a company, they wrote an editorial. I think three weeks 
ago, they've given up on it for that reason. There's a whole political piece 
to this that becomes even more overbearing. 


Sossina Haile: 

If I could just add on that political piece. One thing that I find challenging 
also, after you do the CO, capture. I like the magnesium silicate solution 
because you're not tempted to then burn that carbon again. Because if 
you're capturing it and burning it again, you're keeping the approximate 
level the same in the atmosphere. So, unless you're pulling it out and 
doing something else that you're not tempted to burn it again, it's just an 
exercise in futility. 


Thomas Ebbesen: 

I have one comment about Europe. Europe does have a carbon fee but it's 
just too low for obvious reasons, and also because no other countries are 
joining this. So, it's very hard to impose this and we'd have to calculate 
the carbon content of products that are imported and that's what some 
people are trying to suggest. And this is a very large market that might 
help the rest of the world align. I want to ask, we're talking politics and 
this is very fascinating this whole issue obviously and everyone is con- 
cerned with this. So, would it improve if you had higher mobility or higher 
conductivity in your material, would that make a difference? 


Sossina Haile: 

For the most part, the electrolytes are quite good. It's the electrochemical 
reaction step which is rate limiting. For both fuel cell mode and electroly- 
sis mode. 


Thomas Ebbesen: 
Thank you. 


Joachim Sauer: 
So, it's nice to talk politics but we can contribute to chemistry and I just 
wondered, of course a CO, tax which is high is an international problem 
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and as long as we cannot agree in the world about the CO, tax, it is not 
very effective. The other point is, as a scientist we should look at all pos- 
sible solutions. And Claire, I agree with this one, that in the US there is 
the wrong incentive for CO, capture, because they would use it to put it 
back to the earth where it was coming from, to get more methane out. But 
we have heard good examples in the cement industry if you are capturing 
at the source, and maybe not forever but for now, and also other things we 
have heard that are useful for some period. So we should not say because 
it is misused in a certain political or economic situation that we should not 
understand how it works and should not improve on it. Of course, when it 
comes to funding from states and organizations then there will be a politi- 
cal direction where to put the money first. 


Daniel Nocera: 

Just one thing, I mean that's the imperative on Science. I started years ago 
hoping for a carbon tax, I’ve given up and it just makes the science harder. 
For instance, we're just saving now metric tons of CO, in agriculture. It's 
because the ammonia equivalents being made is now commercially on par 
with what's being sold in a bag. So, I think you can always hope for a 
carbon tax, but the scientists assume it's not there, it just raises the level 
of the Science you need to do. 


Gunnar Von Heijne: 

So, you kind of skipped over one issue about batteries and that's recycling. 
So, what's the status on that and perhaps more generally, we heard yester- 
day about windmill wings becoming a waste problem. So, are there other 


waste recycling problems lurking inside these technologies that we've 
been hearing about? Assuming they're scaled up to the global scale? 


Clare Grey: 
So yes, batteries are going to have to be recycled and I think one of the 


interesting research areas is how you rethink the design of a battery so that 
it's more easy to recycle, so that you don't have to bring the components 
back to the individual parts. One of the difficulties there's been, is that the 
technology is being changing. So, that to lock on to a specific battery type, 
as the ones going into the cars are changing, has made it more difficult. 
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The other challenge is that the batteries, when they're recycled, often con- 
tain a lot of lithium metal, so they're dangerous, they explode. They con- 
tain PF so when in contact with water, they form toxic gasses. And sort 
of rethinking how you put the components in so that they're easy to recy- 
cle is a very important research area. And on the anodes for example, the 
binders used to be PVDF. Now, they're cellulose based binders so that's 
an easier recycling. On the cathode, it's very difficult to find a cellulose 
based binder that is stable at those sorts of voltages. So, at some point, 
there may come a trade-off where you might decide actually you're not 
going for the one ton battery that has the 400 mile/500 km range that's sort 
of the current trajectory for electric vehicles. We may have to accept com- 
promises in terms of range and I would argue that, if you do that with fast 
charging, that it results in a paradigm shift. So, I think the recycling and 
the sustainability issues may result in compromises in battery packs which 
ultimately will make for more sustainable ones. But yes, recycling is an 
interesting question. And you can do things by robotics and sort of make 
things more efficient and ultimately, you've got to put the recycling into 
the whole lifecycle analysis and the costing of the whole thing. 


Daniel Nocera: 
Before I take another question. I think it's a big problem and also a big 
issue for PV cells I would like to hear Henry on the PV side. 


Henry Snaith: 

Photovoltaic solar energy is recycled or there's an intention to recycle it, 
I should say. So, there's one company that does a very good job for solar. 
They actually don't make silicon modules, they use cadmium telluride and 
they recycle as part of their whole process to get the cadmium out because 
it can't go into landfill. And that works very effectively, it adds a little bit 
of cost to the module, but it works. The main manufactured silicon: the 
companies don't presently recycle their own modules at the end of the life 
and it's left to wherever they're deployed but this is something that cer- 
tainly has to change going forward. Certainly, within the EU, there's a big 
sort-off push towards a cyclic economy where we look at the whole 


Discussion Session 4 329 


life-cycle analysis from cradle to cradle and looking at re-using the mate- 
rials even. But of course, they may not be need to be reused directly in the 
same product. But if we look at the amount of glass that we are going to 
need, and the amount of plastic lamination foils, regardless of what the 
core solar technology is, then that needs recycling, absolutely. For the 
perovskites, we've been working with other collaborators to look at recy- 
cling these materials. And actually, you can remove the lead with unity 
effectiveness just using hot water, and then allow the water to cool and 
precipitate it out and that water can be re-used and re-used. So, this is a 
very simple recycling process that doesn't involve harsh chemicals or 
acidic environments. But there's a lot of drive, all the companies working 
on lamination foils are thinking about recycling as well and not just *how 
does a module last 25 years', but how do you get it apart at the end and 
then recuperate the materials. 


Clare Grey: 
Can I just add one more thing? One of the interesting things in the battery 


space, you've got the old technologies like lithium-ion phosphate and 
carbons coming in from China with the blade technologies, and there 
you've got a much more sustainable cathode, but you've lost the financial 
incentive to recycle, because you know you got iron and phosphors. 
You've got to rethink how you then re-improve or go back and not recycle 
back to its constituents because there's no money to be made out of it. So 
that's the tension actually, as you go to these more environmentally 
friendly materials: there's less money to be made in recycling. 


Thomas Ebbesen: 

Can I just make a comment on this? Inside the EU again, the companies 
are required to take back the products. So, this is a super incentive in 
recycling because they don't want to have to take apart a compound that 
isn't easily recyclable. That was the intent of that law and still that applies. 
You can take a fridge back, so a store they have to take it and they have to 
do something with it. So, force them to face this from the beginning when 
they make the product. So this, I think, is a huge incentive. 
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Daniel Nocera: 
Chad, did you have a question? 


Chad Mirkin: 

So, you gave us a quantitative google-based analysis of the problem which 
was good and very compelling. A big part of it is to understand the prob- 
lem, but what's equally important, maybe even more important, is: this is 
a chemistry-based conference. What is the chemistry that we should be 
betting on as a group? So, we talked a lot about regulations and all sorts 
of things that we don't control as chemists but as you guys sit here looking 
at all the different solutions (and we've heard a variety of different types), 
does the field look at this and create real-time analysis of where the best 
bets are? What's the CRISPR of this field right now? Where is the most 
excitement as opposed to just an activity that may or may not contribute 
down the road? 


Daniel Nocera: 

I'm in lots of different Science fields, this is the one that does that best. 
Anybody who's doing something important will look to see the problem 
like you said and then literally you can work backwards and there's 
always an important Science problem. The one thing I don't advocate for, 
I don't even think will happen, is that there will be a doctrine of the ten 
commandments of what Science should be for energy, because it's going 
to have lots of different solutions. But in the battery field, I bet you Clare 
could go on for hours about what the key Science things are, as Sossina 
could for fuel cells. Without each one of those, again, if you keep your eye 
on the target, the people making the impact do work backwards to find 
that questions. And I think each of us will have a laundry list of important 
things, but I don't think you are going to see the ten commandments of 
energy Science. 


Matthew Kanan: 

I think I can maybe provide a more technical answer just specific to my 
area, for CO, conversion, the way I see it. I think the challenges are find- 
ing the simplest processes, because there's an efficiency loss with every 
step in the process, so I like hydrogenation certainly as a route to liquids 
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and commodity chemicals. Because liquid fuels it's not one chemical, it's 
a mixture of hundreds or thousands of chemicals. It's defined by the prop- 
erty of the liquid as a fuel. We know how to convert certain intermediates 
to those targets. I think in any one of those pathways that I laid out, some 
of them I didn't even get a chance to talk about. I can go over methanol 
and then methanol to olefin and then olefin to liquid. There are efficiency 
losses along the way, so you can identify specific efficiency losses and say 
“If I have a lower temperature methanol synthesis catalyst, I don’t have to 
run at high temperature and multiple passes through my methanol reactor 
with immediate saving, and that route looks a whole lot more attractive" 
for example. So, a lot of people in the catalysis community are trying to 
tackle that problem, it's a really tough problem. I like this idea, I talked 
about going to syngas, and then going syngas to taking the existing 
infrastructure, go syngas to liquids. But again, that will compete with if 
somebody comes along with a really compelling direct CO, hydrogen 
conversion in single pass reactor to valuable liquids out. That process is 
going to be a lot more scalable, if the product distribution is amenable to 
conversion to the liquid fuel with the right species, with relatively straight- 
forward separation. I think, at least for my perspective, for the big targets 
there are a lot of pathways already, but they all have either too many steps 
or there's a problem with some of those individual steps that need to be 
addressed. But there's potential because we already have established how 
to convert certain intermediates into basically all the hydrocarbons that we 
use on scale. There's potential to leverage that and really make something 
that essentially can integrate seamlessly with existing assets. 


Sossina Haile: 

Can I just add to that? Maybe this goes to the question about ‘Are the 
electrolytes conductive enough?'. I would say there's a lot of ways in 
which we can integrate the electrolytes for electrochemical systems with 
new electrocatalysts. And so, there are aspects of being able to work at 
just warm temperatures that allow electrocatalysis to proceed in a way 
that's much faster than at room temperature but, as I said, not as degrada- 
tion prone to the very high temperature systems. I think that is a space 
that's really not been much explored. I think there are a lot of oxide elec- 
trochemical compounds that can help do these various transformations. 
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Again, by operating at this intermediate temperature space, I think we 
have a lot of opportunities there. 


Daniel Nocera: 

And then in biology, I think as you heard from James, it's rate of through- 
put. One way is to metabolically engineer a pathway. What's happening 
with this ammonia thing which is now getting commercialized. We did a 
lot of genetics but found out how the bacteria grew and the other way to 
do throughput is just to grow at high, what's called, colony forming units. 
Those bacteria for the microbiologists, we're now growing those things at 
10" colony forming unit, most bacteria grow at 10°. You can actually just 
be scale or density of organism start getting to high throughput. That's, 
I think, James' main line of research: throughput in biology. 


James Liao: 

I think Chad asked a very interesting question: “What would be the 
CRISPR of the energy sector?' Of course, from my standpoint, we're 
working on something that we hope becomes the CRISPR. This is the 
Synec DNA which I talked about, where we're developing a fast evolution 
technology inside the cell so that we can very quickly evolve organisms to 
take on Cl-compounds including CO,, formic acid, methane, methanol. 
And once you have these Cl-simulationed organisms worked out, then 
you can start thinking about recycling. Once an area in my mind is that 
probably we would not need to replace the current fossil fuel based chemi- 
cal industry, because that's too huge. But if you can replace most of the 
energy through non-carbon green energy then you save about 5096 of 
the carbon footprint in fossil fuel in the chemical industry. And then for 
the remaining part, you try to use the CO, recycling type of technology 
but not the traditional CCUS, not this traditional capture and storage, that 
type of thing. We should think about recycling and re-utilization, either 
via the chemical or biological way. I'm focusing on the biological ways, 
I think other people are focusing on the chemical ways. I think those will 
be a better picture for the future. 


Arne Thomas: 
Besides CO,, hydrogen is the other molecule we should of course be con- 
cerned about. And that would be a question mainly to probably Sossina 
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and Andreas Züttel. So, we inferred that one of the biggest issues or bot- 
tlenecks for a hydrogen economy is the storage and transport of hydrogen. 
I would like to hear your personal opinion, and probably also of the other 
panel members. What would be the future molecule? Sossina will proba- 
bly say ammonia now, but there are other molecules of course where you 
can think of storing hydrogen, or there are materials that I have seen on 
one of the slides from Andreas Züttel, I think metal hydrides for example. 
So, what's your personal opinion, where will we go with hydrogen stor- 
age? Or would you say we will stay with the electron economy in the end 
and there will be no hydrogen economy? 


Andreas Züttel: 

Thank you for the question. You know the big difficulty is the seasonal 
storage. There are two main challenges: seasonal storage and aviation. 
Aviation will be done with the synthetic fuels, there is no way to get 
around it. As for the seasonal storage, I believe that hydrogen will play an 
important role there. The different storage options we have, or the cost of 
these different storage options, depends very much on how often we cycle 
the hydrogen through the storage. In seasonal storage the difficulty is, it's 
just done once per year and therefore you need a large volume for the 
lowest possible cost. That's why for hydrogen basically only the huge 
underground storages are a feasible solution for the future. Because, if we 
built such a storage it's going to be cycled only once a year. That means 
50 times in 50 years and that can only be economically feasible if it's 
cheap and cheap because of the huge volume. But then it becomes a tech- 
nical challenge to build these huge volumes. Of course, there is the tech- 
nical solution that's what we try to realize in Switzerland and then there's 
also the natural solution. In gas fields for example, if they are tight 
enough you can fill them up with hydrogen and then store the hydrogen 
in these natural cavities underground and then of course the cost is much 
lower than then you have to build such a storage. There is an ongoing 
project in Austria where they finally discovered that when they pump the 
hydrogen down, it becomes methane spontaneously. There are some 
archeo-organisms down there and apparently, they convert the hydrogen 
into methane. Now, they changed the project and they are also pumping 
down CO, and try to see whether they can convert all the hydrogen into 
methane. You know, in methane storage at the same pressure, you have 
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about 4 times more energy than in pure hydrogen storage, so that's an 
advantage. If the CO, comes out of the atmosphere, then it is also CO, 
neutral. These are approaches which look promising for the future. 


Sossina Haile: 

To follow up on that, I think for local storage it absolutely makes sense to 
just go to hydrogen. That we can do with electrolysis. I didn't talk about 
the electrolysis that we've been able to achieve. Again, using proton con- 
ducting electrolytes and the electrochemistry associated with that. The 
round-trip efficiency is not as much as batteries but as was said, you're not 
cycling this back and forth as many times. If you want to now do the 
transport as well, that's where I would say ammonia, or other organic 
molecules that have hydrogen that can be removed, are valuable. The 
benefit of ammonia of course, is that you don't have to return the carrier. 
If you're doing an organic molecule you have to return the carrier and put 
hydrogen on it. The challenge with ammonia is pretty evident, we heard 
about it from Karthish yesterday. It's how do you do the synthesis then, 
how do you go from nitrogen to making ammonia? And electrochemically 
the challenge is that if you drive the proton across the electrolyte to try to 
react with the nitrogen, you're probably just going to evolve hydrogen 
rather than doing the reduction of nitrogen. So, that's an area with the real 
challenge where the chemical contributions could be. The other potential 
idea is to start developing some nitrogen-ion conducting electrolytes. So 
again, to the question of ‘do we need new electrolytes?': the conductivi- 
ties are good enough, but we need ones with new functionalities. So, if we 
can have a nitrogen-ion conductor that would be great. 


Matthew Kanan: 

I'm agreeing with Sossina. I don't think it makes sense to transport hydro- 
gen over significant distances. If you look at what's happening in these big 
water electrolyser projects that are being built now: Shell has one in the 
Netherlands, I think it's a 120 megawatt electrolyser, that's feeding right 
into their refinery. So, I think hydrogen should be produced on scale and 
used right where it's produced or stored locally if it's going to be in a 
reversible fuel cell electrolyser energy storage system. Transporting it can 
be difficult from a leak perspective. There's sort of new Science emerging. 
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Hydrogen obviously doesn't have any IR absorption, but it's a so-called 
indirect greenhouse gas because it interacts through atmospheric chemis- 
try with other gasses in the atmosphere to increase their GHG potential. 
So, hydrogen is not innocent, you actually don't want to leak it from a 
climate perspective. So, I think it should be used where it's made. 


Daniel Nocera: 
Ben, did you have a question? 


Ben Feringa: 

Yes, maybe I misunderstood. I'm a little bit surprised because as you 
know the chemistry is built on the petrochemistry at the moment, the 
whole chemistry tree as well. I got the impression that if we focus on the 
energy, which is great of course, this is the major problem. That if we 
solve this 90% that is used for fuel issue, that the 10% which is left is fine. 
We can continue with using this for chemistry, no problem. Isn’t that also 
the real challenge? That we as a chemical community try to build the new 
chemistries of the future using electrochemical methods, hydrogen, and 
CO, to give us our building blocks. We cannot continue by saying “Oh, we 
will do the same petrochemistry with this 10% because there will be 
enough for the next 400 years’. Shouldn’t we connect that? Can we see 
that separately? I don’t think so. 


Henry Snaith: 
I mean, this is not my area obviously but at the end of the day you’re not 


necessarily burning the product you make. So, as long as the energy input 
is coming from clean carbon-free sources, does it matter that you’re lock- 
ing the fossil fuels up in products to then be recycled and go back into the 
system at the end? So, do we care if we’re using fossil fuels as a primary 
source? 


Ben Feringa: 

I don’t deny that recycling is a key point that we have to work on, I men- 
tioned this also in my talk. Instead of making bonds, also breaking bonds 
and go through the cycle and the process. But I think there must be tre- 
mendous opportunities now also to rethink how we are making our build- 
ing blocks, how we are doing our chemistries. Why not directly use 
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electrochemistry? Of course there are several groups in the work that 
focus on that now, but why do all these steps in between? 


Matthew Kanan: 

One thing to add about that. You can't take a barrel of oil and convert it 
just into the feedstocks for chemicals. I think it's 10% of a barrel goes to 
jet now, and it hasn't necessarily been optimized but it's hard to push it 
much beyond that. So you can't just say: ‘Okay, we are going to eliminate 
gasoline and then all of a sudden we have all these extra barrels that we 
can funnel into whatever we want’. It’s not the way refinery works. I'm 
agreeing with you that yes, new ways of making feedstocks are needed. 
I think ethylene is a big one. Making aromatics is a challenge by the way, 
aromatics are necessary in aviation and other places. But yes, I agree with 
you that that is an important consideration. 


Daniel Nocera: 

Ben, that was Dave’s session yesterday. Catalysis is going to be really 
important. I think there is a huge research opportunity for the community, 
to start rethinking chemical processes, like Dave said, to hexanes, to C12, 
to NSA, that would be great. 


James Liao: 

I'd like to address Ben’s question. I totally agree with what you just said. 
Eventually, we should build everything from C1 type of raw materials so 
that we completely recycle. But it's a kinetic step, getting there is not 
going to make money. Once you don't have the economic driver it's very 
difficult to get there. For example, if you want to make a perfume using 
CO,, it's a lot of work for very little, even though your margin is very 
high. 


Ben Feringa: 
Now my Science heart starts to beat. Because I’m not thinking in terms of 


dollars, but I’m thinking in terms of scientific challenges, and I think there 
are tremendous opportunities here to change our perspective of how we 
should do chemistry. And I think Matthew already gave us some exam- 
ples, how can we do syngas chemistry, away from the traditional feed- 
stocks, and linking CO, and electrons and hydrogen for instance? 
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James Liao: 

I totally agree with that. So, there are two ways to do that: one is using the 
electrochemistry or directly using hydrogen, that means indirectly using 
electrochemistry, or using biochemistry. In biochemistry you still need 
energy to come from sunlight, or come from electricity, or whatever. So 
that's one of our major focuses, trying to develop the industrial workhorse 
of microorganisms that can rely on C1 as a feedstock. So, once you get 
into the bacteria, then the rest is channeling the carbon flow into whatever 
you want to make the compound you want. 


Karen Goldberg: 

Well, a couple of things: I want to reiterate the point that Matthew made. 
We currently have petrochemicals because we're refining gasoline, it's a 
byproduct and it's not going to be that in the future. I wanted to go back 
to something early on where Dan gave up on a carbon tax, I was holding 
out that you were going to accomplish that, Dan. But I want to say that 
there's not nothing we can do about that, we're in a room full of scientists 
who all have students, and they all have to raise their voices for this. We 
have to get Science out to the general public. This is such an important 
issue and so, I would encourage you all to help your students get out and 
speak up! If they have the opportunity to get involved in any kind of pol- 
icy, help them! Because we need science voices in policy. So, I want 
people to speak up like you Dan, and I’m sorry that you gave up, because 
you speak so eloquently on the issue and when you were up there talking, 
I thought this is what our politicians need to be hearing. 


Daniel Nocera: 

But let me just tell you there are good things happening. There's a big part 
of investment that, because of voices, is decarbonizing the investment for 
hedge funds. So, it's called ESG and that actually is having a profound 
drive. ESG is Environmental Social Government, so all your pension 
funds, etc because, I think a lot of young people are concerned. ESG is 
really driving investment and discovery in this field right now, so it's hap- 
pening but in a different way. Tackling the politicians is great except 
they're only there for a day or two and then there's another one that you're 
saying the same thing to. So, I always like it when market is driving it and 
that political voice is having a profound impact on investment. 
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Karthish Manthiram: 

For the specific that you're working on, what are the gaps in observation 
and understanding? What are the things that you wished you could see but 
for which there aren't tools to be able to observe these things just yet? 
What are perhaps ways in which the theories that are deployed are explan- 
atory but not yet predictive? So, if you could just highlight what these 
technical or scientific gaps are? 


Daniel Nocera: 

Theoretically, so if we get down to brass tacks. Computationally we're 
really far away from what's happening. Just take something simple: at 
an electrode surface. It's a really hard computational problem. While 
computing is moving on, it's slowly getting there, but computation has a 
long way to be predictive in this field. What tends to happen is that the 
computation isolates problems but doesn't treat the full problem. And a lot 
of these systems are messy. But with machine learning techniques, and 
people are starting to use machine learning and computational power, 
we're slowly getting there. There are people concentrating on the entire 
system and that means solvent, ions, electric fields, putting everything in. 
I'm just choosing electrochemistry since it's your field. And I think that 
it's coming along and that it will be a really great tool for the field and 
community. 


Matthew Kanan: 

I think, sort of two areas. One is Operando Science, it still has a long way 
to go to provide insight under real operating conditions that enable insight 
into what may be going wrong, or what does the catalyst really look like 
when it's operating. I think on the synthesis side the paradigm, at least as 
far as I understand it, we're going to leverage AI and other computational 
tools to discover the best material and then we'll figure out how we're 
going to make it and so on and so forth. But at least from my perspective 
and for heterogeneous catalysis, knowing what material may or may not 
be a great catalyst is potentially enabling, but there's still huge question 
marks as to whether or not that's actually going to be a viable catalyst to 
synthesize, a catalyst that stays in that state, whatever it is, on the support, 
and one that has some sort of durability. So, I view it more as, if we want 
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to do sort of high throughput science, a recipe to make a catalyst, and the 
recipes, and the ways in which you can use those recipes are quite limited 
in terms of the types of synthesis techniques that are really amenable to 
scale. But would be good if we could close the loop between: “Okay 
here's the recipe, here's the function of that catalyst, and then how do 
I feedback and tweak the recipe". So, we sort of iterate based on function 
and recipe because those are the things. Once I know a recipe that gives 
me a good function, you could spend a career then figuring out what 
exactly is the active structure, or ensemble of structures more likely, that 
are responsible for the catalysis. But I think trying to figure out how to 
close the throughput loop that way, would have a better chance of having 
a more near-term impact. 


Sossina Haile: 

In terms of understanding of the electrochemical pathways, I’m sure that 
you would agree this is heterogeneous catalysis, so the surfaces are essen- 
tiel. And then the question is always: is the reaction proceeding via some 
defect sites, as came up yesterday? Is it some dislocation that’s terminat- 
ing at the surface? Is it some grain boundary that’s terminating at the 
surface? Is it an impurity that was there? Things that don’t get included in 
the computation because we didn’t realize that they were important. So 
that’s the challenge then in terms of exploiting the computational advances 
to be able to make real catalysts that work. 


Henry Snaith: 
For solar materials, the big challenge is really understanding the defect 


chemistry in the materials and how the materials change chemically over 
time when ageing and under use. At the moment, the sort of typical 
approaches to understanding defect chemistry is to make some changes to 
the material. Whether it’s how you crystallize it, or some additives that 
you add in, and then combine that with some first principle calculations to 
estimate what happens when you make these changes. And also postulat- 
ing, trying to calculate the energy levels for certain defects that you can 
imagine could occur, and then trying to fit some measured parameter to 
those calculated defect energies, or might be a diffusion coefficient of an 
interstitial, or something like that. The problem is that you’re applying the 
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theory to fit a sort of not great data set, if I'm being honest. Very often you 
can always fit the data with the theory, and it doesn't prove that that's hap- 
pening. It's just something that's self-consistent until some results show 
up that are not consistent with that, then you maybe have to rethink it. Or 
often the data sets are ignored, or it's a dead-end and it doesn't make sense 
and it's put down. But understanding defect chemistry, I think, is really 
central. There's more advanced electron microscopy already trying to 
image static defects, it doesn't tell you anything about the electronic prop- 
erties. But then again, you couple those defects that you now can see are 
present from, say, very high-resolution TEM where you haven't damaged 
your sample, cryo- TEM for instance, but then they need to be coupled 
with the model. We've got to a level where we can't just look, we don't 
have a microscope to probe all the properties at the atomic scale of the 
systems. So, we have to couple it with theory and check whether that 
theory is just giving us an answer that is consistent, at what point can we 
advance that theory and those calculations to actually definitively give us 
much higher level of confidence on the actual property of the defect or the 
system. 


Clare Grey: 

Going back to the point about Operando techniques. I think one of the 
challenges is that there are multiple techniques and in the battery space 
we're doing quite a good job at it. The difficulty is there are so many dif- 
ferent competing reactions, and working out that you've really got that 
reaction that's going to impact the degradation of a battery over multiple 
years. And because you've got such a highly complex, interrelated pro- 
cess, understanding how the different components react and interact with 
each other is challenging. So, I think overused complexity and under- 
standing, that is sort of one of the big issues. And then the other one is, as 
you move into next-generation technologies where there is lithium-iron or 
lithium-sulfur, you start getting into chemistries where there are 3 phase 
boundaries whether it's with the oxygen, a solid, and a liquid, or it might 
be a boundary with a redox mediator in the liquid that's doing some of the 
redox chemistry, but then you've also got tunneling from an electrode 
through a solid. So, it's not a simple one electron transport process, it's a 
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multiple rearrangement of solvents and these things even are important in 
normal lithium-ion batteries because they control degradation, they con- 
trol the formation of the solid electrolyte interphase (SET), they control the 
degradation of the oxides. So, if the oxides are oxidized too high, oxygen 
is released, you get reconstructions. So, it's sort of understanding these 
complex surface reconstructions that are often involving multiple phases 
and multiple competing reactions. 


Andrew Tuberfield: 

To an outsider, the materials science that underlies batteries and PV is a 
slightly disconcerting mixture of very rational design and completely ran- 
dom discovery. You know, where did perovskites come from? So, the 
question is: is the key to transatlantic electric powered flight or a 4596 
solar cell something you don't know you're looking for yet, a completely 
different material system? And if it is, how do you find it? 


Henry Snaith: 
I wish we knew the answer. So, the 45% efficiency solar cell is possibly 


feasible with a 4-junction perovskite solar cell, and so that may be the 
CRISPR for solar, but of course it might be another material that is dis- 
covered. I think in this community, collectively, there are lots of different 
approaches to developing materials, discovering materials. This is some- 
thing that has been mentioned in the session this morning or yesterday, 
I can't remember, “the lab of the future". I think we need to think about 
how we do chemistry and discovery differently. I run a physics lab and 
I very much run it like an old school chemistry lab, where one student 
spends about most of the two-year period basically trying to find one new 
material. And it's like, how do we speed that up? Because there is the 
whole periodic table and more, because we can make organic compounds 
as well to discover new materials. And I really think that we should be 
spending time and effort on working out ‘How do we do this whole 
process quicker?' and get the right answers to screen through materials, 
combining it with computation. Although I think that a brute force experi- 
mental approach will probably win, but that's my bias. I think that will be 
important. 
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Clare Grey: 

Can I mention that, in the battery space, I think there's an area where you 
know the voltage that typical elements operate at, and you've got materi- 
als' genome projects that have gone through and computed everything, 
and we sort of know what the fundamental limits are. And so, you can put 
lithium plus oxygen as the ultimate energy density. I think what the field 
needs is to increase efficiency and that efficiency might be the overpoten- 
tial of a reaction but also the degradation. I think we can have lots of 
discovery projects for new materials, but it's not going to be game chang- 
ing, it's really guessing the types of compounds we know to operate better 
and to look and think about stability and efficiency. But maybe I’m a pes- 
simist and others will disagree. 


Daniel Nocera: 

The high throughput screening works for composition and that's good 
for some pieces, but for the electrocatalysis in chemistry it's kinetics and 
that's not in high screening. In our field, this field of electrocatalysis, 
there's been huge projects and huge amounts of money put into screening 
materials. They get new compositions and not one really great catalyst has 
come out of it. Because you have to then overlay on the composition 
kinetics and reaction chemistry. So, you got to use that sort of screening 
at great place and then not fool yourself when you have reactivity that you 
have to deal with. We don't have really great screens for reactivity actually 
for electrocatalysis. 


Bert Weckhuysen: 

I have two comments and two questions. The first comment is that Dan, 
I really liked your introduction. The second is that the operando methods 
which we have been discussing I think that there would be a benefit that 
the fields of solid catalysts, fuel cells, batteries are much more working 
together to exchange their methodologies because we can really learn 
from each other there. I think there's a lot of benefit there, especially when 
it comes to synchrotron type of experimentation, where a lot of the meth- 
odologies can be just transferred from one material to another. My two 
questions are: Refinery of the future, I call it, what can we keep and what 
do we have to replace? If you take the current refinery, we have a lot of 
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steel in the ground and certain methodologies we can maybe keep but 
what can we then replace and to what cost? Because, we have a lot of 
green electrons, but do we then use our green electrons to the best of our 
capabilities? That's my first question maybe for Dan or Matthew. The 
second is, when we talk about going for new feedstocks then we have a 
lot of impurities. If it's water electrolysis, is it salt water? Then we have 
chlorine, so stability will become essential, stability of catalysts of all 
these materials. The same for cement and metallurgy where we take point 
sources and CO, comes from there, how do we then deal with these impu- 
rities? So, all the selectivity and activity have a lot of attention. I think 
stability at the end maybe will prevail to make it flexible, dynamic towards 
changing feedstock. What we currently have with the oil refineries, they 
are robust, therefore they can handle all the feedstocks. Those are my two 
questions. 


Matthew Kanan: 

With respect to your first question, I think you start by replacing or at least 
ramping down steam reforming as you bring online hydrogen. That's what 
Shell’s doing as far as I understand it. You first take the hydrogen use for 
just hydrogenating in the late stages of the refining process. But then 
eventually, you're going to want to replace the whole front-end, I think, 
with a CO, to CO infrastructure be that reverse water-gas shift, which 
I talked about, or electrochemical, or otherwise. But then the downstream 
stuff actually I think it's better, it's cleaner as opposed to cracking some- 
thing you pull out of the ground and then putting the pieces back together. 
There's typically a lot more impurities in that. The liquid fuel you get of 
the Fischer-Tropsch plants, at least the one in Qatar, is some of the clean- 
est diesel in the world, as someone mentioned the other day. So, for water 
electrolysis the analysis I've seen, I’m not an expert in this — maybe 
Karthish or someone else knows better. But as far as I've seen, the purifi- 
cation cost to get it to the purity grade you would need, certainly for 
alkaline and possible also for PEM, is a very minor component of the 
overall cost to hydrogen production. If you're using conventional reverse 
osmosis, if you're even going to start with seawater, if you're going to start 
with another source that's pure, it's even easier than that. So, you need 
pure water for electrolysers to last a long time, certainly the PEM ones 
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less so for the alkaline. But that seems to be a quite manageable prospect. 
The bigger challenge I think is the impurity on the CO,, the sulfur ones 
are just going to get scrubbed if there's any transition metal catalyst any- 
where in that process, they're going to get scrubbed. Biology gives you 
options there actually, some of the syngas conversion biotech. The huge 
benefit is that it can tolerate just about any impurity, the bugs just kind of 
let them go. That's been a big advantage in the initial commercialization 
of some of that technology. For any sort of electrochemical CO, conver- 
sion process, scrubbing the impurities out of the CO, is a big issue. 


Daniel Nocera: 

Biology gives a big advantage in that the bug replaces itself, so there's 
actually very tiny energy penalty for reproduction and you can hit a steady 
state and then do things so that's a really big advantage of biological 
systems. 


Martyn Poliakoff: 

Several minor comments I want to make. First of all, to respond to James 
about fragrances, to point out that most fragrances or natural fragrances 
are made from CO, by plants. And that fragrances are an enormously good 
example of where we could reduce the amount of chemicals that are 
needed. If we could make a stronger smelling chemical which smells 
more or less the same, we can reduce the amount of chemicals that people 
need. Because they don’t put on perfume or aftershave because they want 
to buy a particular concentration of fragrance and ethanol, they will use 
whatever smells nice. But the other thing which we haven’t really talked 
about in terms of all these biological processes, is the need for phospho- 
rus. And phosphorus is an element which is getting into lower quantities, 
it is also politically quite sensitive, because a lot of phosphate fertilizers 
come from Russia and Ukraine, therefore I think that we need to think 
quite carefully about recycling phosphorus. You may remember that, in 
the 1930 novel Brave New World, everybody who died was sent to the 
phosphorus reclamation plant to recover the phosphorus before they were 
cremated. But I think that this is likely to become a limiting element in the 
future, it’s not just platinum and palladium that we need to worry about 
but phosphorus might well become important as well. 
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Daniel Nocera: 

Martyn, you may have missed the fragrance part of James' talk, but I saw 
putrescine on one of your slides, which is a very powerful odorant. Just on 
the phosphorus comment, so first those bugs. I just ran over it; they accu- 
mulate phosphorous so we grow them off of wastewater and they accumu- 
late as polyphosphate, but Kit Cummins at MIT has written some variety 
of articles on the need for chemistry to recycle phosphorus, it's going to 
become a huge problem. 


Peter Palese: 

Hoping that our planet does not induce an immune response against us, 
my question is: is there a red line in terms of percentage of CO, which we 
have to reach so that our life as we know it is sustainable? Is there a num- 
ber which we should try to reach so that we don't have our planet develop 
an immune response against us? 


Matthew Kanan: 

I don't think you can quote a hard number and say this is the limit. What 
is done is, there are risk assessments at given CO, levels, and an assess- 
ment of *What is the temperature rise going to be associated with that CO, 
level’, and then what are the sort of consequences with respect to various 
tipping points. The only thing you can say with certainty is that risk goes 
up and up and up the more the concentration goes up. So, it just matters 
what the certainty in the risk analysis is, which varies widely depending 
on the tipping point you're talking about, and then your risk tolerance 
relative to the cost or difficulty of trying to do some sort of forced acceler- 
ated decarbonization, which tends to impact poor people first and then 
rich people later. So, I think there's not a hard number. 


Peter Palese: 
So, you don't want to give a number? 


Matthew Kanan: 

No, there are excellent discussions of this in the literature that have a 
whole range of numbers. Again, there is a huge variety: there's risk level 
at this number, there's elevated risk level at this number, etc. It all just 
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depends then on how much you trust those risk assessments and then what 
your risk tolerance is. 


Daniel Nocera: 
I've always said, if you made CO, purple, everybody would be scared, and 
we wouldn't be having this discussion. 


Sossina Haile: 

Just a follow-up on a couple of comments that came through. My view on 
carbon is that the more we leave in the ground the better, because even if 
we think about CO, reduction then we're adding to that cycle. It's always 
expensive to put CO, back into the ground. So, I just think we have to 
consider the overall lifecycle of the carbon that we take out of the ground. 
Just a very small comment on impurity tolerance and the question of how 
our catalysts sustain impurities. When we go to those moderate tempera- 
tures, impurity tolerance is just not an issue. So, if you noticed, when we 
were doing ammonia decomposition, we're not decomposing all the 
ammonia in the reforming catalyst prior to the hydrogen oxidation cata- 
lyst. So, our platinum at 250°C can handle lots and lots of ammonia and 
we're thinking about ‘could you make a direct ammonia fuel cell?’. But 
it's less useful because as I said you don't really want people pumping up 
ammonia into their systems. But the point is that when you have a little 
bit higher temperature you have all of those poisons just desorb off of 
those catalysts. So, we've run our fuel cells even with 5% CO and it's 
really no problem because, again, at high temperatures those pollutants 
just desorb from the platinum. 


Karen Goldberg: 
I appreciate that we should keep as much carbon in the ground, but if we 


go back to Matthew's plot where he showed what the projections were out 
to 2050, the petroleum and the natural gas are going up. Renewables is a 
steep swap, but that's accounting for the increase in energy, we're not 
changing the amount that we're currently taking out of the ground. 


Sossina Haile: 
I appreciate your comment, Karen. I was just saying to Clare that I have 
those plots from 10-20 years ago on my computer and you can see how 
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bad the projections were. We thought coal was going to go down 10 years 
ago and then it went up. Wait a minute, we did not expect renewables to 
be doing anywhere as well as they're doing now. So, even if you look at 
the projections from 2 years ago, they are very pessimistic for renewables 
as compared to where they are today. 


Karen Goldberg: 
I hope you're right. 


Sossina Haile: 

That was just a statement of those data points, right? It doesn't mean that 
the new projections are equally bad, but it's just simply to say that if you 
look at the projections where they were 2 years ago, they are very pessi- 
mistic compared to the projections today. 


Henry Snaith: 

Just on the note of projections. Most scenarios have solar at about 600 
gigawatts production capacity in 2040, whereas the industry plans to be at 
600 gigawatts by 2030. Quite arguably with competition they may be 
higher than that. So, today's projections of solar and wind deployment are 
just so far off. And if you look at all the 2050 scenarios, they only have 
renewables contributing to 50% of the power generation. So, it’s certainly 
going to make a dent in it. That has to not happen. We have to have close 
to 100% certainly by 2050 and arguably by 2040 or before. So, they’re 
wrong basically. 


Sossina Haile: 

Well, they’re not wrong. We have to get back to this issue of policy and 
governments getting involved, in order to bring those numbers down. 
Because as long as those are cheaper, those are going to continue to be used. 


Clare Grey: 
But they’re not cheaper now, solar energy is now cheaper. 


Henry Snaith: 
This is a point, especially with renewables on the generation capacity. Even 


though there’s a very clear trajectory, none of the models put in that sort of 
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linear progression in the trajectory. They all sort of plateau out. And again, 
if you plot the projections over time historically, they all plateau out and 
they just plateau out a little bit later. Perception is that cost will go down 
for about 5 more years and that will be it and that has just not been reality. 
Industry knows that's not reality. Economics I think will win it. Doesn't 
mean we don't need to do anything, doesn't mean we don't need to worry 
about policy, because things can slow that down or there's incentives that 
can speed it up. But just simply the economics will drive towards renewa- 
ble generation. The real requirement is that the storage comes online so we 
don't have issues from too much intermittent power generation. 


Matthew Kanan: 

The point about the liquid projections, and I agree there's uncertainty in 
those. The most recent ones take into account massive electrification of 
vehicles, and I think the question you could raise is that projection, is that 
growth going to be flat or maybe even negative? That would depend on 
some sort of major change scaling really fast in the fuel for commercial 
transportation, aviation, shipping, trucking. There's the beginning of tech 
demos in that space, but if you think of what's required to scale that in the 
next 20 years to the scale of transportation to sustain commerce, putting 
on top of that the expected growth in the economy and population growth, 
it's very hard to imagine that demand coming down. And on the material 
side, on the plastic side, everyone loves to hate plastic but they're perva- 
sive and they're essential to every single industry. Things like polyester 
fiber that's half the polyester market. You think clothing is going to 
decline in the next 20—30 years? I don't think so. So, I think carbon is here 
to stay for certain sectors. 


Clare Grey: 
Just to quickly follow up on policy. We haven't really talked about the 


regulation, which of course is very coupled to policy. The grid is the thing 
that needs to be regulated and changed. At the moment, there are very few 
incentives to sell back to the grid in most countries, and that has to dra- 
matically change in order to use, for example, electric vehicles and change 
the balance. And then we incentivize: for example, in the UK, there's a 
power line being built from Morocco to the UK for solar and they're also 
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providing solar in Morocco to the local community. So there just has to be 
a rethink of the grid and that probably is a policy. 


Daniel Nocera: 
I just want to make a note that we have 10 minutes before this session 
ends. 


Donald Hilvert: 

I'd like to change the question a little bit. Specifically, about the biotech- 
nological approaches that were presented. Questions I guess to James or 
to Dan: where do you see the challenges in scaling up these processes and 
to what extend can one scale them up? 


James Liao: 

Biological scaling up has a long history dating back to probably the 
1960s, so all these issues have been pretty well spit out. Now it's the 
chemistry part that's not there yet. So, right now we're focusing more on 
the chemistry part; getting better enzymes, better bugs... Once that's done, 
then plug it into the scaling up technologies that dated back, I don't know 
how many years. 


Donald Hilvert: 
So, you just see banks of fermenters to grow the microorganisms? 


James Liao: 

Yes, depending on what kind of micro-organisms you are talking about, in 
the gas or liquid phase, there's a whole bunch of technologies people 
developed in the 1980's and even earlier. So, the traditional problems will 
still be there, we still need to worry about that, but I don't think that's the 
problem that will be the showstopper. I think that's a difficulty that we will 
have to overcome but it will not be a showstopper. 


Gerald Joyce: 


I just want to press on this one and follow-up on Dan's questions. Gigaton 
per atom CO, removal from the atmosphere: how many liters of ferment- 
ers are we talking about? And then when the carbon is brought into E. coli 
or yeast or whatever it is, how recalcitrant is that carbon? 
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James Liao: 

We have to rely on not only one approach, we have to rely on multiple 
approaches. It's not possible to solve the gigaton problem using a single 
approach, it's just not there. So far, even the biggest product that we have 
is about a gigaton, which is probably the building material, cement or 
steel, nothing else comes even close to that scale. We will have to develop 
many different approaches. If we say that this is not possible, you can 
destroy any approach just by that statement. For example, eventually most 
of the gigaton problem will be solved by using green energy. In a world 
where 75% of the CO, emission comes out of the energy sector, that's the 
world average. In developed countries, in Japan its 93%, in Taiwan its 
90%. Imagine that the energy sector is replaced by PV or anything that’s 
greener, at least 60-70% will be gone. Then we deal with the parts that are 
not possible to replace without carbon, for example materials. I don't 
think anyone could imagine that we live in a world without carbon. 
Carbon is a building block for just about everything, so we still need to 
use that. But in a process using that, some of the material stays there, it 
doesn't cause problems. It's the energy we put in to make that material 
that causes a problem. So ultimately, it's an energy problem, so if we deal 
with the energy problem, the gigaton problem will gradually reduce and 
become smaller and smaller and smaller. 


Gerald Joyce: 


Because coming back to what Dave said. Can we get there just by the 
energy problem as you call it, or do we need to scrub? And to scrub we've 
got to do maybe 2 gigatons a year? 


James Liao: 

Yes, I think that's called the legacy CO, problem. So, quite a few people 
argue that even if we stop emitting CO, today, we'll still have to take care 
of the legacy CO, in the air. Otherwise, it stays there according to calcula- 
tion for a thousand years and will continue to cause problems. 


Andreas Züttel: 

Now I’m surprised. You showed on one of your slides that about half of the 
CO, is naturally absorbed again. So why do you now claim that it's going 
to stay for a thousand years? Now, there are 5 gigatons of carbon in the 
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form of CO, absorbed every year by the planet, so it will go down if we 
don't emit. In 200 years, it will be back down to 280 ppm if we don't emit. 


James Liao: 

It's a little bit more complicated than that. It's a balance and even people 
argue that the anthropogenic CO, may or may not contribute to that much, 
but of course then we enter into another game of debate which I don't 
think we should talk about right now. Anyway, people are arguing, which 
I don't know if it's true or not, that the CO, half-life in the air by some 
method that is longer than what we can sustain. So, people are arguing 
that we will have to take care of that. So, what that net zero means is that 
we will still have to use some carbon emissions processes to sustain the 
economy. At the same time, we have to absorb that much out of the air to 
achieve net zero. 


Daniel Nocera: 
I think Matthew will have a quick follow-up, then we're going to end with 
a question from a panel member. 


Matthew Kanan: 

Just a quick follow-up on this. First of all, if you look at the IPCC sce- 
narios for 2°C, 95% of them assumes 600 gigatons of carbon removal by 
2100, which is about 8 gigatons per year starting now and there's essen- 
tially no tech for that. Ok yes, the planet absorbs CO, but at least half of 
it, probably even more, goes to the ocean which is a problem in the short 


term because of acidification, short-term being time-scale of human civi- 
lization. Geology regulates CO, over longer time scales by silicate weath- 
ering, so the only viable sink on a 100+ gigaton, or whatever large scale 
you want, is to take the natural base equivalents that the earth has and 
carbonate those. There's a natural carbon cycle on million-year timescales 
where those go down and they eventually get blow out again through a 
volcano. But mineralization, in my opinion, is the only resource for that 
scale removal. 


Sossina Haile: 
Just one small comment. We actually had CO, emissions go down during 
the pandemic, but atmospheric CO, continued to go up. 
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Daniel Nocera: 
Okay, we're going to end this session. Henry has a question for all of us. 


Henry Snaith: 
You've put some pressure on me, Dan. It's a rather specific question. Well, 


it's actually the problem of aviation fuel because with all the things we've 
discussed, aviation fuel is a certain fraction of our power demand and 
usage, and it seems very difficult to think about how that's going to be 
*greened'. So, I just wanted the comments, not only of those on the panel, 
but anyone from the audience as well about how that's going to be done if 
we can't mechanically capture the carbon to then use that to turn it into a 
fuel. If the sort of main carbon capture processes are only really going to 
work well at the source of generation ultimately, we need to stop burning 
the fossil fuels so we shouldn't have those high concentration sources of 
carbon. So, how are we going to create aviation fuels in the future, in a 
sustainable manner? 


Clare Grey: 

I can take this very quickly from a battery perspective. Well, despite 
Matthew's comment there aren't going to be any battery powered planes. 
There will be in the microlite industry, so as long as you're an executive 
you can still get to fly planes. But let's democratize the conversation. 


James Liao: 

I want to get back to the gigaton problem and biological approaches. 
Although people are not thinking about this very much, but I think eventu- 
ally someone has to think about the geo-engineering approaches. What I 
talked about today in the biological approaches is not just inside the bio- 
reactor. It could be in the oceans. Once you are talking about the ocean, 
then the CO, fixation could be very large. I think Gates' Foundation is 
doing some research in that area. It’s very complicated because you dis- 
turb the ecological system dramatically so that needs to be studied very 
carefully and some people are doing that. 


Matthew Kanan: 
I can answer Henry's question specifically, at least the way I see it. You're 
going to start with the large, pure CO, emission streams. In the States, 
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that's coming off of the corn ethanol fermenters. Its 20+ million tons a 
year, 98+% CO, coming off. There are other chemical processes that have 
greater than 5096 CO, streams coming off. So, you're going to go after the 
low hanging fruit as you build up processes. As I said, I like reverse water- 
gas shift Fischer-Tropsch. You could do a methanol route, you could do an 
ethanol route. All those are going to compete, the best process is going to 
win. And then, as and if that scales, then you start incentivizing larger 
scale capture. In the capture technology, there's a lot of noise in that space 
but some of it is getting better. Then you're going to start capturing from 
coal flue with 10%, then gas flue with 4%, and then hopefully work your 
way down. I see it evolving, starting first with relatively accessible emis- 
sion sources that are high purity. 


Ben Feringa: 

As far as I know, earlier this year Shell made 5 tons of kerosine via the 
Fischer-Tropsch from their CO, concentrate at the refinery, of course this 
is from a refinery source. They made this and put it in a plane that flew to 
Barcelona back and forth. So, as far as I know, that is at least the state of 
affairs with a company like Shell. 


Daniel Nocera: 
Thank you for the questions and have a nice night. 


Ben Feringa: 
Let's thank Dan and his team once again for the great presentations and a 


wonderful discussion. 
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Thioester recycling - the key to unlocking the door to amide synthesis in water 
Acyl-Coenzyme A and related thioesters are key intermediates in enzyme-catalysed acyla- 
tions which enable amide formation and beyond in water. Generic formation and recycling 
of non-native thioesters is presented opening the door to biocatalytic amide synthesis and 
bioorthogonal peptide labelling. 


Figure by M. Hayes and C. Schnepel (used with permission from AstraZeneca). 


Session 5 


Directed Protein Evolution for 
Green Chemistry 


This page intentionally left blank 


© 2024 The Solvay Institutes 
https://doi.org/10.1142/9789811282324 0032 


Application of Computational Tools 
for the Design of Enzyme Cascades 


Sabine L. Flitsch 


School of Chemistry and MIB, The University of Manchester, 
Manchester M1 7DN, UK 


Our view on the present state of research on 
biocatalysis 


The combination of sequential biocatalytic reactions in non-natural syn- 
thetic cascades is a rapidly developing field and has led to the generation 
of complex valuable chemicals from simple precursors [1-5]. These 
enzyme cascades can often be telescoped into one single reactor, either 
using cell-free enzymes, whole cells, or a mixture thereof, because many 
enzymatic reactions use similar reaction conditions. With the toolbox of 
natural and engineered biocatalysts increasing dramatically through 
metagenomics data and protein engineering, so do the options for biocata- 
lytic retrosynthesis of a target molecule, leading to new routes employing 
enzymatic transformations [6]. Until recently, the retrosynthetic analysis 
and the design of enzyme cascades were performed manually and limited 
highly skilled and trained specialists who have intricate knowledge of the 
field of biocatalysis. As the field expands dramatically in its coverage of 
chemical reactions and processes and becomes increasingly data-rich, 
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computational tools are emerging and helping capture information from 
the literature and design enzyme cascades. These computational tools 
have become useful for the expert but are also designed to provide for a 
wider chemical community to find biocatalytic synthetic strategies for 
developing more efficient and green synthetic processes. 


Our recent research contributions to biocatalysis 


The planning of a synthetic strategy starts with considering the broad types 
of reactions (reaction rules) that could be used in a stepwise fashion 
towards the target from accessible starting materials. In organic chemistry, 
the strategy of "retrosynthesis", i.e., planning backwards from the target, 
has proven very useful. Based on the chemical retrosynthesis concept, a 
collection of tools for automated biocatalytic cascade design (*RetroBioCat"; 
https://retrobiocat.com) was developed [7] (Fig. 1). A database of reaction 
rules was established, compiled of chemical reactions that have been used 
for biocatalytic transformations. In the first instance, RetroBioCat applies 
these reaction rules iteratively for retrosynthesis towards a suitable starting 
material. For example, for the piperidine target in Fig. 1, RetroBioCat 
would suggest three strategies involving either three steps (carboxylic acid 
reduction by CAR, transamination by a TA, and imine reduction by IRED) 
or two steps (alcohol oxidation by AlOx and reductive amination by 
RedAM or amine oxidation AmOx followed by imine reduction by IRED) 
from the different respective starting materials. 


< RetroBioCat 


e. e 


Fig. 1. RetroBioCat provides a collection of tools for automated biocatalytic cascade 
design. For example, three pathways towards the chiral piperidine target are suggested. 
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A number of pathways suggested by RetroBioCat have already been 
implemented successfully. Two recent examples from our laboratory are 
the chiral amino polyols 1 and 2 in Fig. 2, both highly polar targets with 
dense functionality and stereochemistry that are challenging to access 
using synthetic chemistry. Target 1 and analogues were prepared from 
biorenewable and easily accessible amino polyol starting materials 
through an oxidation-cyclization-reduction sequence that could all be 
performed in one pot [8]. Key to the success is finding suitable specific 
enzymes through protein engineering, directed evolution, or metagenom- 
ics database analysis. Here, the first step was catalysed by a mutant of 
galactose oxidase (F2) that had been engineered through directed 
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Fig. 2. Two recent examples of enzyme cascades designed using RetroBioCat. 
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evolution to accept a broad range of alcohol substrates [9, 10]. The second 
enzyme (pRed14) was identified from metagenomic database analysis. 
Interestingly, pRed14 had been annotated in protein databases as an alco- 
hol dehydrogenase of the shikimic acid pathway, demonstrating how non- 
natural promiscuous activity can be used successfully in biocatalysis. 

The sequence leading to target amino diol 2 (Fig. 2) is an example of 
carbon-carbon bond-forming reactions (such as aldol reactions) alongside 
functional group interconversions in biocatalytic cascades. Overall, the 
reaction represents a highly stereoselective three-component synthesis 
from easily available prochiral starting materials in two steps [11] using 
biocatalysis mediated by aldolase FSA AS followed by imine reductase 
IR-259. The reversibility of the first aldol reaction and cross-reactivity of 
the carbonyl substrates prohibited a one-pot reaction. Such issues of 
cross-reactivity can be overcome by using flow biocatalysis [12]. 


Outlook to future developments of research 
on biocatalysis 


Many chemicals are synthesized through multi-step processes using a 
diversity of reactions and biocatalysis will need to be equally diverse to 
make a broader impact as a green and sustainable alternative to chemical 
processes. There have been numerous examples of successful enzyme 
cascades, but the challenge remains to increase the "reaction rules", the 
classes of transformations that enzymes can catalyse. For example, more 
biocatalysts are needed for C-C bond formations, C-H activations, halo- 
genations, and even catalytic amide bond formation, and finding these 
new activities and incorporating them into enzyme cascade are very active 
and exciting areas of research. There are several approaches that are being 
pursued at the moment, including studying the biosynthesis of secondary 
metabolites to find new enzymatic reactions, looking for promiscuity to 
find non-natural enzymatic activity, protein engineering, directed evolu- 
tion, and de novo protein design. Given that most biocatalysts are proteins 
with common design, production methods, and reaction conditions, bioca- 
talysis lends itself to the use of computational and automated tools that are 
increasingly able to deal with the numbers and complexity of protein 


Application of Computational Tools for the Design of Enzyme Cascades 361 


sequences and structures. Protein structure prediction has been a bottle- 
neck in biology for a long time and has recently made a large step forward 
through machine learning, although the prediction of function at a precise 
molecular level remains challenging. The scientist interested in finding 
new enzyme activity has very impressive computational and experimental 
toolkits available that can generate and deal with very large datasets. 
However, what makes the subject particularly interesting intellectually is 
the need for creativity in developing original mechanistic hypotheses that 
can then be explored by using these toolkits. 
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In his 1902 Nobel lecture, the great German chemist Emil Fischer foresaw 
an era in which “chemistry will not only make extensive use of the natural 
enzymes as catalytic agents, but will also prepare synthetic ferments for 
its own purposes” [1]. Today, more than a century later, enzymes have 
become readily available for the production of everything from pharma- 
ceuticals and agrochemicals to biofuels. Indeed, biocatalysis is increas- 
ingly viewed as an enabling technology for a greener and more efficient 
chemical industry [2, 3]. 

The advent of powerful engineering tools to tailor the properties of 
enzymes from nature for new reactions of chemical interest has enabled 
their broad application [4]. Thanks to directed evolution, for example, 
altering the substrate and stereochemical preferences of natural enzymes 
is almost routine [5-7]. Nevertheless, the success of such endeavours gen- 
erally requires some starting activity. If none is detectable, engineering 
can often supply it. In favourable cases, natural proteins can be modified 
rationally to access interesting abiological reactivity. Sometimes a few 
mutations suffice to alter functions dramatically [8]. Alternatively, non- 
canonical amino acids, metal ions, or other cofactors can be exploited as 
sources of novel chemistry [9-11 ]. 
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Creating enzymes from scratch is far more challenging than tailoring 
the properties of an existing catalyst. In one approach, the mammalian 
immune system has been harnessed to create antibodies possessing cata- 
lytic activity [12]. The properties of these catalysts are programmed by the 
structure of a stable transition state analogue that is used to elicit an 
immune response. Although more than 100 different chemical transforma- 
tions have been successfully catalysed in this way, including normally 
disfavoured processes and reactions lacking biological counterparts, even 
the best antibody catalysts are orders of magnitude less efficient than their 
natural counterparts [13]. 

A more generally productive pathway to de novo protein catalysts that 
exhibit true enzyme-like rates and selectivities combines state-of-the-art 
computational methods and high-throughput evolutionary optimization 
[14-16]. Conceptually, computational enzyme design is like catalytic 
antibody technology, but rather than utilizing an imperfect transition-state 
analogue to provide chemical instruction, the rate-limiting transition state 
of the target reaction, including potentially stabilizing functional groups, 
is modelled computationally and docked in silico into structurally charac- 
terized protein scaffolds. After optimization of active site packing, the 
designs are ranked according to their calculated energies, and the top scor- 
ers are tested experimentally. 

In collaboration with several computational groups, we have used the 
latter approach to repurpose natural protein scaffolds for the catalysis of 
mechanistically distinct chemical transformations. These include simple 
proton transfer [17—19], a stereoselective Diels-Alder cycloaddition [20, 
21], and a multi-step aldol reaction [22-24] (Fig. 1). Although the starting 
designs typically exhibit only modest efficiencies, these have proven ideal 
starting points for laboratory evolution, and iterative rounds of mutagen- 
esis and screening have yielded artificial enzymes that match the speed 
and stereoselectivity of their natural counterparts. Optimization frequently 
entails dramatic active site remodelling to create more complex arrays of 
functional groups and/or minimize unproductive states by modulating 
protein conformation landscapes. The best resulting catalysts not only 
achieve billionfold rate accelerations but, on a preparative scale, also pro- 
duce their target products as single stereoisomers. 

Natural proteins offer a wide range of architectures for enzyme engi- 
neering. Because their complex sequence-structure relationships reflect 
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Fig. 1. De novo enzymes generated by directed evolution of modestly active computa- 
tional designs. (a) A Kemp eliminase effectively utilizes acid—base chemistry in a shape 
complementary pocket to accelerate an elementary proton transfer 6 x 10"-fold [18]. (b) A 
Diels-Alderase produces a single product diastereomer by employing hydrogen bond 
donors and acceptors to preorganize the diene and dienophile substrates and stabilize the 
cycloaddition transition state electronically [21]. (c) The »10" rate enhancement achieved 
by an aldolase is ascribed to a catalytic tetrad that arose residue by residue during evolu- 
tionary optimization [24]. 


unique evolutionary histories, they may respond to sequence modification 
in unexpected ways. De novo-designed proteins, which are often hyper- 
stable and possess well-understood sequence-structure relationships, 
represent potentially more robust starting points for enzyme design. 
Artificial retro-aldolases have been produced by computationally custom- 
izing the backbone and sequence of a de novo eight-stranded 5-barrel 
protein, illustrating the potential of this approach [25]. Alternatively, the 
intrinsic reactivity of inorganic or organic co-factors can supply sufficient 
starting activity for subsequent evolutionary optimization [11]. For exam- 
ple, metal ions and metalloporphyrin cofactors have been introduced into 
designed a-helical bundles to produce protein catalysts for hydrolytic 
reactions, redox processes, carbene transfers, and other activities [26-28]. 
This approach was used to transform a computationally designed zinc- 
binding peptide into an enantio-specific metalloesterase having catalytic 
efficiency only two orders of magnitude below the diffusion limit [29] 
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(Fig. 2). Functional diversification of this scaffold by divergent evolution 
has also yielded efficient, stereoselective catalysts for a bimolecular 
hetero-Diels—Alder reaction [30], a retro-aldol cleavage, and an ene 
reduction of an unsaturated ketone (unpublished), attesting to the utility 
of metal ion catalysis for accessing diverse non-natural functions (Fig. 2). 

As these few examples attest, enzyme design has come of age. It is 
now possible to create de novo enzymes fully rivalling their natural coun- 
terparts. The task today is to progress from simple model systems to more 
demanding transformations and complex, real-world challenges. Emerging 
experimental and computational innovations will be key to the success of 
such endeavours. Faster, more robust methods such as high-throughput 
screening and continuous evolution, improved forced fields, multi-state 
design, and machine learning have much to offer in this context. Their 
successful implementation promises to bring Emil Fischer’s dream of 
being able to prepare enzymes on demand, for our own purposes, to full 
realization. 
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Fig.2. Divergent evolution of a de novo zinc-binding helical bundle. Promiscuous ester- 


ase, hetero-Diels—Alderase, retro-aldolase, and ene reductase activities were optimized by 
iterative rounds of mutagenesis and screening to yield highly efficient and stereoselective 
metalloenzymes. 
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My view of the present state of research on 
computational enzyme design 


Enzymes are typically engineered for catalytic activity, enantioselectiv- 
ity, thermodynamic stability, substrate specificity, and stability in non- 
aqueous solvents and co-solvents. Available enzyme design approaches can 
be classified into rational design and Directed Evolution (DE) [1]. DE is 
able to provide highly active tailor-made enzymes at the expense of experi- 
mentally generating and screening tens of thousands of variants. However, 
the high economic cost associated with DE limits the broad application of 
enzyme-catalysed processes for chemical manufacture. Most importantly, it 
is also unknown how the introduced mutations contribute to enzyme profi- 
ciency. Different rational design approaches exist that range from multiple 
sequence alignments (MSA), structural evaluation of the active site pocket 
and available tunnels, to the application of sophisticated computational 
tools, such as Quantum Mechanics (QM), hybrid QM and Molecular 
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Mechanics (QM/MM), Empirical Valence Bond (EVB), Molecular 
Dynamics (MD), and Monte Carlo simulations [2]. One of the most popular 
approaches is the inside-out strategy based on modelling the transition 
state(s) (TS) of the desired transformation (defined as theozyme) with 
Quantum Mechanics (QM) and grafting this ideal arrangement into an 
existing protein scaffold with Rosetta [3]. These rational approaches hold 
the promise of providing a comprehensive understanding of the relationship 
between mutations and their impact on enzymatic activity, yet none of the 
existing computational approaches is able to generate highly proficient 
enzymes rivalling natural ones and those generated with DE. In my view, 
the low activity of rationally designed enzyme variants can be attributed to 
the following limitations: (1) the high complexity of enzymatic catalysis 
and the lack of a computational approach able to accurately consider the 
multiple chemical steps and associated conformational changes taking 
place along the catalytic itinerary [2], (2) the need for reducing the sequence 
space, which is often solved by introducing mutations only in the active site 
pocket or entry/exit channel (as opposed to DE that introduces mutations 
throughout the structure) [2], and (3) the lack of fast yet accurate computa- 
tional screening protocols for estimating the catalytic activity. 


My recent research contributions to computational 
enzyme design 


Understanding enzymatic function requires the evaluation of the chemical 
steps along the mechanism and also the exploration of the ensemble of 
thermally accessible conformations that enzymes adopt in solution. The 
ensemble of both reactive and unreactive conformations presenting differ- 
ent relative stabilities can be represented in the so-called free energy 
landscape (FEL, see Fig. 1(a)). We computationally reconstructed the FEL 
of some natural and laboratory evolution (DE) pathways using extensive 
MD simulations, Markov state modelling (MSM), and enhanced sampling 
techniques [4—6]. These studies demonstrated that increased enzymatic 
activity is often achieved by introducing mutations that alter the enzyme 
conformational ensemble. The introduced mutations located at the active 
site and often at distal positions induce a long-range effect that impacts 
the enzyme active site pocket and thus catalysis. This is achieved by 
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Fig. 1. (a) Computationally reconstructed Free Energy Landscape (FEL) of the laboratory- 
evolved 0B2-pfTrpB tryptophan synthase B that displays stand-alone activity (data from 
Ref. [5]) at several reaction intermediates along the catalytic itinerary (shown in panel (b)). 
TrpB adopts a different conformation of the catalytically relevant COMM domain along the 
process: open (O, dark blue) states are adopted in the resting state E(Ain), partially closed 
(PC, teal) at the reaction intermediates E(Aex1) and E(A-A), and closed (C, light blue) at 
E(Q,) states. The most stable conformations are represented in blue, whereas the least stable 
ones are in red. (b) Reaction mechanism of TrpB and detail of the COMM domain conforma- 
tion along the cycle [11]. Overlay of the COMM domain conformation as shown by X-ray 
data: O highlighted in dark blue, PC in teal, and C in light blue. (c) The mutations introduced 
with DE to generate 0B2-pfTrpB are marked with blue spheres. Computational pipeline 
developed for rationally designing new stand-alone enzyme variants based on the combina- 
tion of shortest path map (SPM) and ancestral sequence reconstruction. (d) Development of 
an X-ray template-based AF2 approach for estimating the conformational heterogeneity of 
TrpB systems [12]. AF2 predictions are represented on the 2D-FEL representation using 
vertical lines coloured from orange to dark blue depending on the number of sequences 
provided in the MSA. From these AF2 structures, short nanosecond timescale MD simula- 
tions were run for FEL reconstruction (shown on top of the computationally expensive FELs 
(in grey) obtained by means of extensive metadynamics simulations). 
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Fig. 1. (Continued) 


favouring the catalytically productive conformational states and disfa- 
vouring the non-productive ones for the novel functionality, thus con- 
verting computational enzyme design into a population shift problem [2]. 
However, computational enzyme design seen as a population shift prob- 
lem requires the reconstruction of an FEL for each generated variant, 
which is computationally too expensive for allowing the fast routine 
design of enzymes [7]. Most importantly, the reconstructed FELs do not 
provide any clue on which positions either located at the active site or 
distal might be responsible for stabilizing a desired conformational 
change. We hypothesize that by using graph theory coupled to the exten- 
sive MD simulations for FEL reconstruction, the existing long-range 
allosteric network of interactions can be revealed and used for predicting 
distal and active site mutations (Fig. 1(c)) [2, 8]. To that end, we devel- 
oped the Shortest Path Map (SPM) tool that relies on the construction of 
a graph based on the computed mean distances and correlation values 
obtained along MD simulations [2, 6]. SPM decreases the sequence 
space to a smaller number of conformationally relevant positions and has 
the potential of identifying the challenging distal activity-enhancing 
positions. Indeed, we successfully applied SPM to identify DE muta- 
tions in retro-aldolase, monoamine oxidase, and tryptophan synthase 
enzymes [2]. 

In a recent publication, we combined SPM and ancestral sequence 
reconstruction to rationally design new stand-alone tryptophan synthase B 
(TrpB) variants (see Fig. 1(a-c)) [8]. Tryptophan synthase (TrpS) is a 
heterodimeric enzyme complex composed of two subunits: TrpA and 
TrpB that are allosterically connected. The tight allosteric communication 
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between subunits involves, in the case of TrpB, open-to-closed transitions 
of the rigid COMM domain that forms a lid covering the active site (see 
Fig. 1(b)). The existing allosteric communication between subunits makes 
both TrpA and TrpB much less efficient when isolated, i.e., their stand- 
alone activity is low [5, 8]. However, the ancestral reconstruction of TrpB 
enzymes (LBCA TrpB) revealed a high stand-alone activity for the ances- 
tral variants, which was lost along evolution [9]. The Arnold lab applied 
DE on pf IrpB and generated a new enzyme OB2-pf TrpB that presented 
higher catalytic activity when isolated [10]. 

We computationally reconstructed the FEL of the ancestrally recon- 
structed LBCA TrpB, as well as the wild-type pf TrpS complex, isolated 
pfTrpB, and laboratory-evolved stand-alone 0B2-pfTrpB enzyme [5, 8]. 
These works elucidated the conformational ensemble that a stand-alone 
catalyst has to display for being efficient. We developed a rational com- 
putational protocol for achieving stand-alone activity of TrpB subunit 
based on the following steps (summarized in Fig. 1(c)): (1) reconstruction 
of the FEL of the ancestral LBCA TrpB displaying stand-alone activity, 
(2) application of the SPM methodology to detect the conformationally- 
relevant positions, (3) sequence comparison at the conformationally rel- 
evant SPM positions between the reference ancestral scaffold and the 
target ANC3 TrpB variant that had no stand-alone activity, and (4) trans- 
fer of the six non-conserved SPM mutations to the target ANC3 TrpB 
scaffold for generating the new SPM6-TrpB variant [8]. Interestingly, the 
experimental validation of the SPM6 TrpB design indicated a 7-fold 
increase (in terms of k,,) of stand-alone activity. Although we did not 
reach the isolated activity of the reference LBCA TrpB, it is worth high- 
lighting that by testing only one single variant, the fold increase in k,,, was 
similar to the 9-fold obtained by DE that required the generation and 
screening of more than 3000 variants [10]. This study therefore provides 
evidence for the potential of our SPM methodology for computational 
enzyme design. 

The recent success of the Alphafold2 neural network (AF2) in pre- 
dicting the folded structure from the primary sequence with high levels of 
precision has revolutionized the field of protein design [13]. Despite 
AF2's impressive performance, the application of AF2 for understanding 
and engineering functions directly from the obtained single static picture 
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is not straightforward. However, in this direction, we recently tested the 
applicability of AF2 for elucidating the conformational heterogeneity of 
several TrpB enzymes [12]. We developed a template-based AF2 approach 
for estimating TrpB ability to adopt multiple conformations of the cata- 
lytically relevant COMM domain, which is required for enhanced stand- 
alone activity. Our results revealed the potential of AF2, especially if 
combined with short nanosecond timescale MD simulations, for estimat- 
ing the changes induced by mutation in the FEL at a rather reduced com- 
putational cost. 


Outlook to future developments of research on 
computational enzyme design 


Inspired by the AF2 approach, some deep learning techniques have also 
recently been developed for protein design that can potentially mitigate 
some of the limitations mentioned above. The combination of the con- 
volutional neural network trRosetta [14] and Rosetta was shown to be 
successful for the design of new stable proteins [15]. The AlphaDesign 
based on AF2 was also developed to predict novel proteins [16]. These 
examples show the potential of deep learning techniques to generate new 
functional variants within the allowed biological constraints. The appli- 
cation of AF2 (or other deep learning strategies) to computational 
enzyme design for any target reaction and substrate still remains largely 
underdeveloped. In the near future, I anticipate that many hybrid bio- 
physical and deep learning strategies will be developed to solve the 
mentioned limitations and allow the fast routine rational design of effi- 
cient enzymes. 
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Biocatalysis as an enabling technology in organic 
synthesis 


Small molecules make a disproportional impact on human health as drugs 
that prevent or treat disease, tools for analysing biological systems, and 
probes to manipulate whole pathways and individual biomolecules [1]. 
This limitless potential can be curbed by the practicality and accessibility 
of target molecules through modern chemical synthesis [2]. The trend 
away from natural products in drug discovery [3, 4] illustrates this conun- 
drum, as the synthetic challenge associated with accessing these complex 
structures outweighs their potent activity and therapeutic potential [5]. 
Chemical methods that facilitate a desired transformation with precise 
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chemo-, site-, or stereoselectivity can allow for more efficient synthetic 
routes free of protecting or directing groups and unnecessary redox manip- 
ulations, thus expanding the practical-to-target molecules [6]. Biocatalytic 
methods present the opportunity to develop exquisite catalyst-controlled 
selectivity of enzymes, enabling highly streamlined synthetic routes [7—9]. 
This is exemplified by nature's ability to make intricate secondary metabo- 
lites with potent biological activity, such as taxol [10, 11] and vancomycin 
[12, 13]. It is also possible to expedite access to synthetic molecules 
through biocatalytic strategies, as illustrated by Merck's five-enzyme, one- 
pot sequence to access the HIV drug, islatravir, dramatically reducing the 
step count and increasing the overall yield in the production of this nucleo- 
side drug [14]. Although biocatalysis has been embraced by industrial 
chemists for the commercial production of pharmaceutical agents, several 
factors have prevented the broad adoption and implementation of bioca- 
talysis in mainstream organic synthesis, including limitations in the 
breadth of well-developed reactions, the unknown substrate scope of func- 
tionally characterized enzymes, and the perceived incompatibility with 
multi-step, preparative-scale sequences [15]. 


My recent research contributions to directed protein 
evolution for green chemistry 


My research group seeks to provide synthetic chemists with highly effi- 
cient, selective, scalable, sustainable, and well-characterized biocatalytic 
methods that can be smoothly implemented into synthetic approaches 
towards target molecules. Using enzymes from natural product biosyn- 
thetic pathways and targeted protein families as a starting point, we eluci- 
date the natural chemical function and mechanism of a given biocatalytic 
transformation. From this initial benchmark, we use bioinformatic tools, 
structural analysis, computational modelling, and evolutionary approaches 
to assemble refined panels of complementary biocatalysts of utility to the 
synthetic community. 

At this meeting, two approaches will be discussed for the construction 
of complex molecules: (a) using biocatalysts to generate reactive interme- 
diates that can be intercepted by small molecule reagents in situ and 
(b) employing biocatalysts that execute convergent reactions, whereby 
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various monomers can be cross-coupled on demand. This work to be dis- 
cussed builds on previous efforts from my research group focused on the 
development of biocatalytic oxygenation reactions [16, 17] and biocata- 
lytic oxidative carbon-carbon bond formation [18]. 


Outlook to future developments of research on 
directed protein evolution for green chemistry 


With major advances in the fields of DNA synthesis, directed evolution, 
DNA sequencing, bioinformatics, and computational modelling of pro- 
teins, the potential utility of biocatalysis lies in the hands of chemists. 
Whether biocatalysis remains underutilized in chemical synthesis will 
depend not only on the boldness of chemists willing to use large-molecule 
catalysts but also on the diligence and creativity of chemists characteriz- 
ing the function of enzymes and developing novel enzymatic 
transformations. 
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Introduction 


Enzymes display remarkable catalytic activity, evolvability, and reaction 
promiscuity, features which together have resulted in their increased 
application in chemical synthesis [1]. Reaction promiscuity is manifested 
in several different ways and includes both the tolerance of broad sub- 
strate scope as well as the ability of enzymes to catalyse mechanistically 
different reactions. The latter is exemplified by the repurposing of P450 
monooxygenases such that their chemistry is altered from oxygenation 
reactions to carbene/nitrene generation, allowing for the generation of 
new synthetic pathways that exploit these reactive intermediates [2]. This 
"new-to-nature" chemistry of enzymes in the laboratory serves to expand 
the toolbox of biocatalysts available for synthetic purposes and provides 
new starting points for further engineering and evolution. 

The ability of enzymes to catalyse two or more mechanistically dis- 
tinct reactions also raises the question as to whether these different 
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activities can simultaneously exist within a single active site. Multi- 
functional biocatalysts of this type would have great value in synthesis 
and would complement examples developed in the field of chemo-cataly- 
sis [3]. In addition, the discovery and development of a new range of 
multi-functional biocatalysts would have a major impact on synthetic 
applications, particularly in the context of cascade processes. Currently, 
there is growing interest in the design and application of processes in 
which multiple-bond forming processes and functional group interconver- 
sions are achieved by combining several biocatalysts in a single vessel. 
For these processes, each individual biocatalyst is typically engineered 
separately, followed by addition to the cascade and then subsequent pro- 
cess optimization. Multi-functional biocatalysts could make these 
approaches more efficient by reducing the enzyme count and catalyst 
loading, as well as streamlining enzyme engineering by minimizing the 
sequence space that is required to be explored. The availability of multi- 
functional biocatalysts presents different challenges that need to be con- 
sidered when engineering these catalysts in order to co-evolve the 
different activities encoded at the active site. 

The ability of a single enzyme active site to catalyse two or more 
mechanistically distinct reactions requires a number of conditions to 
be simultaneously met, namely (i) the ability to bind structurally related 
substrates and products since the product from one reaction becomes the 
substrate for the next reaction, etc., (ii) the availability of catalytic 
active site residues (e.g., proton donors, proton acceptors, and nucleo- 
philes) that can participate in different non-bonding interactions, (iii) in 
some cases, the availability of cofactors (e.g., NAD(P)H and FADH,) that 
can mediate different redox processes e.g., reduction of C = O as well as 
reduction of C = N bonds. However, these challenges are far outweighed 
by many of the advantages accompanied with multi-functional biocata- 
lysts. Such enzymes essentially generate intra-enzymatic cascades, reduc- 
ing overall enzyme count and loading. There are also implications for 
streamlining enzyme immobilization and downstream processing. 

This discussion paper is aimed to stimulate discussion around the discov- 
ery, engineering, and synthetic application of multi-functional biocatalysts. 
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Out of the scope, although also of growing interest, are examples of multi- 
functional biocatalysts generated by creating an additional active site within 
the protein (Plurizymes) [4] and fusion proteins [5]. 

To frame the discussions, examples are given from the authors’ own 
work as set out in Fig. 1 in which methods for the conversion of alcohols 
to chiral amines have progressed and been simplified, by the discovery of 
enzymes with multiple catalytic activities. 


Multi-step biocatalytic synthesis 
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Fig. 1. Advances in biocatalytic systems developed for the conversion of alcohols to 
amines: (i) multi-enzyme conversion of an alcohol to an amine using alcohol dehydroge- 
nase (ADH) and amine dehydrogenase (AmDH) with co-factor recycling; (ii) replacement 
of the NADH/NADPH co-factor recycling modules with a shared “hydrogen-borrowing” 
system; (iii) a "hypothetical" multi-functional biocatalyst enabling a single enzyme/single 
co-factor system. 
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EneIRED: A multi-functional biocatalyst that exploits 
iminium catalysis 


Many high-value amine-containing compounds have multiple stereogenic 
centres. Accessing these molecules and controlling their centres is a chal- 
lenge as highlighted by complex biomimetic tandem catalysis and multi- 
enzyme systems required for their synthesis. The discovery of an enzyme 
(EneIRED) that combines conjugate reduction and reductive amination into 
a single enzyme allows exquisite control of up to 3 stereocentres generating 
chiral amines [6]. EneIRED was identified from a collection of metagen- 
omic IREDs [7] which were generated to explore the sequence space around 
the reductive aminase from Aspergillus oryzae [8]. EneIRED was initially 
identified by its ability to catalyse the coupling of cyclohex-1-enone with 
allylamine to yield the fully reduced product in high conversion (Fig. 2). 
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Fig. 2. Catalytic cycle of the multi-functional biocatalyst EneIRED which catalyses 
conjugate reduction-reductive amination via iminium-type catalysis. 
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A comprehensive assessment of the substrate scope of EneIRED was 
undertaken covering enals, linear and cyclic enones, including 3-substi- 
tuted cyclohexenones with largely excellent conversions to the fully satu- 
rated product. A variety of primary amines and as well as pyrrolidines 
could be coupled with these unsaturated carbonyls. Generally, products 
contained 2 stereocentres, but when provided with the correct substrates, 
EneIRED could control 3 stereocentres with excellent selectivity, includ- 
ing the generation of a fluorinated tertiary amine. Furthermore, EneIRED 
was also shown to catalyse a 6-electron conjugate reduction-reductive 
amination reaction starting from the di-enyl ketone. 

Mechanistic studies from isotopic labelling experiments confirmed 
that the conjugate reduction preceded the reductive amination step 
(Fig. 2). Structural differences in the active site were observed in compari- 
son to other IREDs, i.e., EneIRED contains an additional tyrosine residue 
important for the steric control of the conjugate reduction-reductive ami- 
nation reactions. EneIRED employs two catalytic cycles that together 
generate the fully reduced amine via two different iminium intermediates, 
reminiscent of autotandem organocatalytic systems (Fig. 2). EneIRED 
exemplifies the ability of multi-functional biocatalysts to combine differ- 
ent chemistries into a simple protein biomolecule while generating com- 
pounds of high value. 


Summary and future perspectives 


Although multi-functional biocatalysts have the potential to transform 
organic synthesis, the field is clearly at an early stage of development. 
Such enzymes meet the demand for the development of more streamlined 
and smarter biocatalysts [9, 10]. Coupled with advances in other areas 
(e.g., metagenomics and photobiocatalysis), enzymes possessing even 
more complex chemistries will emerge, thereby enabling new retrosyn- 
thetic pathways to be developed [11]. 

For a more sustainable future and in the current climate of the world, 
companies and institutions are scrutinizing every aspect of their practices 
to reduce their carbon footprint [12]. Multi-functional enzymes can con- 
tribute to this challenge by reducing the overall enzyme loading, with a 
concomitant reduction in engineering of multiple central and auxiliary 
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enzymes. Substrate localization is another element which is improved, in 
turn leading to greater reaction efficiency. 
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Biocatalysis and directed enzyme evolution offer a vision and a path to 
greener, more sustainable processes and products. Building on three dec- 
ades of exploration, innovation, and development in protein engineering, 
this promise has been realized today as reflected in the growing number 
of industrial applications involving engineered high-performance 
biocatalysts. 

Beyond traditional applications of enzymes in commodity products 
such as proteases in laundry detergents, early developments of engineered 
high-performance biocatalysts have been driven by the pharmaceutical 
industry. Here, directed evolution delivered highly active and selective 
enzymes at scale, replacing expensive and potentially toxic chemical cata- 
lysts and reagents, reducing the number of process steps, and enabling 
operation under environmentally benign conditions for the manufacturing of 
life-saving drugs including antivirals against COVID and HIV [1-3]. These 
successes have undoubtedly contributed to recent broader utilization of 
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engineered biocatalysts in other markets including food and beverage ingredi- 
ents, as well as advanced diagnostic and genomics applications [4, 5]. 
Finally, protein engineering is delivering promising solutions to global envi- 
ronmental challenges, offering novel industrial biocatalysts for plastic recy- 
cling and carbon dioxide capture [6, 7]. 

Despite significant progress and success, the integration of biocataly- 
sis throughout industry is still in its infancy. Directed enzyme evolution 
presents a powerful approach to harness and exploit the tremendous ver- 
satility and functional diversity of proteins, a potential that we have barely 
tapped today. Its solutions will enable society to not only benefit from 
greener, more sustainable manufacturing processes but also successfully 
tackle growing political, economic, and environmental challenges. Critical 
to the continuation of this success story are investments in education of a 
highly skilled and innovative workforce and technological advances to 
accelerate protein engineering and also engineering solutions to 
biomanufacturing. 
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Biotechnology promised to be a major driver to the challenging problems 
we face in the 21st century. Under the term of industrial biotechnology, 
significant contributions are expected in the quest for new system solu- 
tions in chemistry. The field of enzyme engineering developed into a 
mature technology that impacts various areas, such as industrial biocataly- 
sis, biomedicine, and synthetic biology. Traditionally, new enzyme activi- 
ties have been discovered by screening microorganisms and mutant 
libraries. However, it became obvious that these methods have their limi- 
tations to identify the much-needed novel enzyme functions. However, 
we have to expand our portfolio of biocatalysts towards new, non-physi- 
ological reactions to boost the impact of biotechnology. It is a restriction 
to biocatalysis that for many important reactions catalysed corresponding 
enzymes are missing [1, 2]. 
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In 1976, Jensen published a landmark review putting forward the 
hypotheses that ancient enzymes were characterized by broad substrate 
and reaction scope. Over the years, many contributed to our current view 
that enzymes are poly-reactive (promiscuous), and this is vital to the evo- 
lution of new enzymes. This concept is also of fundamental importance to 
biocatalysis. Very early on, scientists used enzymes for non-natural reac- 
tions. A striking example is pyruvate decarboxylase, which is technically 
used for the synthesis of phenylcarbinol. Instead of decarboxylating pyru- 
vate to acetaldehyde, the enzyme is used for CC linkage. 

How to obtain new enzyme activity thus remains a central question in 
this field. In recent years, promiscuity-based as well as other strategies 
were successfully expanded by chemistry- and date-based approaches. To 
identify initial activity and to address the catalytic flexibility, small and 
functionally rich enzyme libraries have been used. Once a starting point 
has been identified, the starting enzyme can be optimized using the entire 
repertoire of methods. 

This presentation will highlight hidden as well as uninvestigated 
enzymatic activities and illustrate strategies to unmask them. In my talk, 
I discuss what opportunities are associated with an enzyme like squalene 
hopene cyclase (SHC). SHC is a class II cyclase and driven by a Brgnsted 
acid catalysis mechanism. The wild-type enzyme shows a few activities 
beyond the physiological reaction of cyclization squalene to the hopene 
and hopanol. Interestingly, it turned out that the active site of the SHC 
enzyme is highly evolvable. 

To initiate our studies, we used a reaction mechanism-guided approach 
to generate a platform for exploiting the SHCs protonation machinery [3]. 
Different functional groups can be activated and enable the synthesis of 
various cyclohexanoids and so uncouple the enzyme from its polycycliza- 
tion chemistry (Fig. 1(a)) [4]. Tailoring the enzymes beyond the active site 
and including the entrance tunnel enabled the development of a most effi- 
cient biocatalyst for the cyclization of homofarnesol to (—)-ambroxide. 
The overall catalytic performance was increased by a factor of almost 400 
ensuring the stereocontrol of the reaction (Fig. 1(b)) [5]. We then expanded 
our strategy by introducing anchoring sites for very dynamic substrates. 
Based on designed hydrogen bonding, it became possible to induce 
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Fig. 1l. Evaluability of the SHC as demonstrated in (a) the hydrophobic substitution of 
the active site enabling the cyclization of small terpene analogue geraniol, (b) the dual-site 
allocated mutagenesis of the active site and entrance tunnel enabling high-performing 
diastereo- and enantiopure cyclization of E,E-homofarnesol, (c) the structure-guided engi- 
neering of the active site enabling the directed monocyclization of neryl acetone, and 
(d) the cation-cage tuning enabling the highly selective and enantiopure cationic rear- 
rangement of (4-)-8-pinene. 


directed cyclizations and predestinate termination in otherwise barely 
accessible intermediates. We could demonstrate the synthesis of apocarot- 
enoids in a single step with high selectivities (299.596 ee) and yields (up 
to 8996) (Fig. 1(c)) [6]. In the third example, the precise carbocation con- 
trol over an unactivated monoterpenes by biocatalytic Brgnsted acid 
catalysis is presented. SHC showed initial activity for the promiscuous 
isomerization of (+)-3-pinene producing a wide mixture of different 
olefinic and hydroxylated monoterpenoids. Based on iterative saturation 
mutagenesis, we tuned the carbocation control of SHC for borneol 
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production resulting in a variant reaching 90.2% borneol selectivity 
(99.6% ee) (Fig. 1(d)). Recently, we reported a new concept to increase 
the overall activity of our system. SHC spheroplasts exhibited up to 100- 
fold higher activity than their whole-cell counterparts [7]. 

With this perspective in the right economic context, we can anticipate 
the relevance of biotechnology to chemistry to accelerate even further [8]. 
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Sabine Flitsch: 

Welcome back to the discussion session. So, what we wanted to demon- 
strate is that we are very cross disciplinary, that we think there is a lot 
happening in our area and we really welcome any new scientist to join the 
area and join us because we think there’s an enormous potential in using 
proteins as catalysts. With that, I open the discussion. I’ve been asked to 
remind you to put your microphones on and say your name. Otherwise, we 
can’t write the proceedings. Maybe I will start with asking whether anyone 
in the audience has any question they wanted to ask the panel. Well, that’s 
fantastic! Thank you. We already have a candidate. Please give your name. 
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Yamuna Krishnan: 

May I just say that I just loved that session so much? A quick question for 
all the panelists. So, for organic chemistry, when you say catalysis, after 
you find the reaction that works you show broad substrate scope. Whereas 
in enzyme catalysis, especially these synthetic enzymes, my understand- 
ing is: the faster it becomes, the most selective or the narrower the sub- 
strate scope becomes. So, I was wondering: these are two completely 
different paradigms, but do you see selection ever able to break this para- 
digm? The enzyme has become faster, but also expanded substrate scope. 


Sabine Flitsch: 
That's a great question and I think quite a few of my panelists would want 
to comment on that. Maybe I'll just start at the very left with Stefan. 


Stefan Lutz: 

A great question. I hope it came across a little bit. My very last example 
with the polymerase, for DNA synthesis, is a perfect example. It's a matter 
of selecting for promiscuity to drive the broad substrate specificity, for 
example of enzymes. But I certainly believe that it is not given that, as you 
evolve, you need to narrow your spectrum. 


Donald Hilvert: 

In our evolutionary experiments, we usually see exactly what you predict. 
That is, as the enzyme becomes more active, particularly with small mol- 
ecules, it becomes more selective and specific for the substrate or for the 
stereochemistry of the process that is carried out. However, you have 
many intermediates on your way up the mountain and you can take steps 
down. And often, the variants that have a little bit lower activity tend to be 
more promiscuous. Then you can re-diversify them or re-optimize them 
through exactly the same procedure. 


Alison Narayan: 
There are many different things you can screen for. It is true that those 


things can go hand in hand. And you can screen for an enzyme that's 
faster, you can screen for an enzyme that's more thermally stable, you can 
screen for specificity for a particular substrate, and those things don't 
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always have to go hand in hand. You can set up your screening in a certain 
way. You know, Francis Arnold, who's not here, pretty much in every talk 
will say: “You get what you screened for." Strategies for screening that 
take into consideration substrate promiscuity (if that's something you 
ultimately want out of your catalyst), I think, are quite powerful. And 
there are more and more examples of that coming out now. There's a 
recent paper from Andy Buller's lab at Wisconsin, that highlights this 
concept of protein engineering where you're not screening just based on 
one substrate but a panel of substrates with the hopes of engineering a 
catalyst that will maintain promiscuity. 


Sílvia Osuna: 

Yes, I think that’s a very important point. Also, from our perspective, what 
we see is that selecting the proper scaffold for the design is key. If you 
start with an enzyme that is promiscuous and, computationally speaking, 
has many different conformations, then with our approach we try to pre- 
dict mutations that stabilize certain conformations that we think are 
important for enhancing the activity and the selectivity. So, I think yes, 
that's a very important point. 


Nicholas Turner: 

One thing you can do is what people call substrate walking. If you imag- 
ine doing evolution on an enzyme — you can start off with one substrate, 
but you don't have to keep that substrate constant. You can change the 
substrate and that often leads to enzymes with broader substrate scope. 
That has been done with transaminases. We did it a number of years ago 
with an enzyme called monoamine oxidase. We deliberately changed — 
in a fairly subtle way — the substrate to try to find enzymes with broader 
substrate scope. Now, that has a real impact because, obviously, broad 
substrate scope with high activity is what you want to achieve. It also 
broadens the application of biocatalysis. And this is something we didn't 
really talk about. Biocatalysis, historically, is what I call a process tech- 
nology. It's potentially a way of making specific molecules in a very, very 
efficient manner. But in the last few years it has gone upstream into 
medicinal chemistry. If you're a medicinal chemist, what you need are 
reagents and catalysts that have broad substrate scope because you want 
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to make many molecules and screen them for activity. You don't know at 
that stage what is your active molecule. And so, you're starting to see this, 
particularly in industry. Because we are developing more and more panels 
of enzymes with broad substrate scope, they are being adopted by medici- 
nal chemists who can screen them and create molecules for the first time 
using biocatalysis. I personally think that's a very exciting development. 
You are not just making it on a large scale, you are making a molecule that 
is actually not easy to make. You are accessing a new chemical space. 
Alison talked about that in her lecture. And that's the consequence of 
more enzymes with broader substrate scope. 


Sabine Flitsch: 
Comment to this or new question? OK, there's one new. 


Peter Palese: 

This is for Don Hilvert, please. When you walk up the mountain and you 
arrive at your best solution, is there a structural similarity to the absolute 
best one? Has your evolution come to a similar structure as the one which 
is a little bit higher up? In other words, what does evolution do? 


Donald Hilvert: 
To the natural enzyme you mean? 


Peter Palese: 
To the natural enzyme, yes. 


Donald Hilvert: 

In a sense, mechanistically, yes, there are similarities. In the natural 
enzymes — natural aldolases — there is typically a tyrosine that is used 
as a general acid or general base. That was absent in the original aldolase 
design, but it emerged during the course of evolution. In fact, this catalytic 
tetrad arose one residue at a time and mimics the kinds of complexity that 
you see in natural aldolases. Now, the substrate recognition is completely 
different. That does not resemble what you see in natural aldolases, 
because natural aldolases usually work on sugar type molecules, so very 
polar molecules. And there the design didn't change at all. The design was 
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very good at the start. In fact, the very starting design, when we character- 
ized it structurally, was somewhat disordered in the loops that surround 
the active site. As we evolved it, it approached the original design model 
much better. The loops took on confirmations that resembled what was 
predicted by the original Rosetta designers. 


Sabine Flitsch: 
Comments on this topic? Otherwise, we switch topic. Maybe Ben Feringa 
next. 


Ben Feringa: 
Maybe a bit related to this. Thank you, by the way, for this fantastic per- 


spective of the field. ’'m really impressed! Especially I'm impressed by 
that where we normally need a 30-step synthesis to make a complex drug, 
that six enzymes can do the job very facile. But when you talk sometimes 
with colleagues in the field of catalysis, they go: “Oh that is great what 
they do. But they need a huge molecule to make a small molecule.” And 
when you go back to Ryoji Noyori, for instance, the asymmetric catalytic 
hydrogenation: he takes hydrogen, pins of rhodium, a small ligand, and he 
has millions of turnovers, and he has hundred different substrates that 
hydrogenate with 9946 selectivity. So why do we need an enzyme? 


Nicholas Turner: 

So, my response to that is: you don't have to make that enzyme by total 
synthesis. No, seriously, this argument has been around for a long time 
right now. So, let's approach this from different angles. If you try to build 
enzyme mimics — and this was very popular in the 80s and 90s — they 
are generally not very good catalysts. So, if you start to shrink an enzyme, 
you lose a lot of catalysis. Enzymes are large, but presumably they need 
to be large to be catalytically efficient. But they are so easy to produce. I 
mean, they really are. So, I don't mind that they're big because they are 
wonderful catalysts. And I hope we convinced you, that production is 
trivial. 


Ben Feringa: 
You don't have to convince me! I have to convince my colleagues! 
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Nicholas Turner: 

So — you are right — there are small molecule catalysts that have high 
turnover numbers. Like Noyori: the turnover numbers of the Noyori cata- 
lysts are 10’, so they're comparable to the turnover numbers of the best 
biocatalysts. But shrinking enzymes: I don't think that works, personally. 


Donald Hilvert: 
One might also add that the enzymes are inherently compatible with one 


another. So, you can run these multiple processes simultaneously, which 
is often hard to do with small molecule catalysts. 


Ben Feringa: 
I know, I agree with you. But this brings me to another comment that I 


often get: “Oh, but these guys have to work in water, and we like organic 
solvents", as most organic chemists do. Now it changed a bit. This was not 
discussed so much — about solvent. Maybe you can comment a bit on 
that. Because that interfaces to a lot of organic chemistry that we tradition- 
ally do. 


Stefan Lutz: 

We have lists of examples of enzymes that were evolved to work in 5096 
DMSO, toluene, octane, acetonitrile, methanol, ethanol. You know, it's a 
matter of asking the question. But I do not believe that enzyme catalysis 
is restricted to aqueous solvents. We have the data to show this. 


Ben Feringa: 
Now I want to argue again! Because I worked at Shell and, I remember, I 


used that same argument once and my boss said: “The worst thing we can 
do is to have dirty water." Because that costs a lot of energy to purify and 
to use it again. 


Stefan Lutz: 
There are enzymatic reactions that run in pure toluene. 


Sabine Flitsch: 
I just want to add. I think the technology has developed enormously as 
well. So, I think these people need to revisit it a little bit. You know, it used 
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to be like that, and I think — hopefully — we've shown that we've really 
developed this technology. Professor Wüthrich? 


Kurt Wüthrich: 

Long ago, enzymatically active antibodies were introduced, which would 
perform reactions in water that organic chemists would only be able to 
perform in extremely dry organic solvents. I think that the Diels-Alder 
reaction was an outstanding example. Don (Hilvert) must know more in 
detail, because he was directly involved in this, if I remember correctly. 
Today, there was no mention of catalytic antibodies in the presentations of 
this session. 


Donald Hilvert: 

I started with catalytic antibodies and, like everybody else in the area, I 
dropped it because you could make catalysts for many different reactions, 
but they were orders and orders of magnitude less efficient than natural 
enzymes. The aldolase example I showed you, the aldolase was in the 
middle of that plot, and we've been able to go way beyond. I think the 
problem with the antibodies is largely technical. They were very difficult 
to evolve, and we spent many, many years trying to optimize them through 
this same evolutionary process. But in E. coli, they're extremely difficult 
to produce. And that limited us a lot. 


Kurt Wüthrich: 
Enzymatic antibodies nonetheless got the Wolf prize for Richard Lerner 
and Peter Schultz. It seems to have been some sort of success. 


Donald Hilvert: 

Absolutely! And, in fact, they were the inspiration for all the original 
computational designs. The same model reactions have been used to test 
the ability of the computational methods to predict active site structures. 
And, in fact, the original designs were less good than the typical 
antibodies — the corresponding antibody catalysts — but they were 
much more evolvable because they were embedded in scaffolds that were 
extremely stable, very tractable, tolerant to mutation, typically mono- 
meric, easy to produce. So that turned out to be a huge advantage. 
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Martyn Poliakoff: 

Following on from what you said. It was a really good session before cof- 
fee! Once you've made one of your evolved enzymes, the one that's really 
good, how easy is it to produce? And also, green chemistry focuses a lot 
on the waste. How much waste do you generate making your enzyme? 
Because that should be factored in. You may have a really clean reaction, 
but if you have made a terrible mess making your enzyme, this rather 
spoils the picture. Perhaps Stefan is the person to answer this? 


Sabine Flitsch: 
Alison first. 


Alison Narayan: 

I'll just start by saying: things that can be engineered for and improved 
upon include production of your protein. We focused today a lot on the 
activity and the selectivity of the enzyme. But also engineering something 


— or care to optimize the heterologous expressions so you can get mean- 
ingful amounts of your protein — is an important area. That is something 
that is possible to do. Every protein is different. For some, straight out of 
the gate you might be able to make buckets of your protein and it's not 
really a concern. Others might take a significant concerted effort to get 
meaningful amounts of your protein. But it is an area of science that's well 
developed. 


Stefan Lutz: 

On the expression, I think a good example is the recent development of 
PAXLOVID by Pfizer as an anti-COVID drug. It was identified as an 
enzymatic step in that synthesis. The enzyme was identified in a 
panel — to what Nick Turner pointed out earlier — so very quick lead 
identification. Within five or six months, that lead was produced in tens 
of metric tons for drug manufacturing. So, protein expression — once 
you have the evolved candidate or a lead candidate — is, I dare to say, 
straightforward. It's just a fermentation. As to the green chemistry, you 
might notice on my slide I had “greener”. I didn't claim green chemistry. 
Because we've started doing some PMI (Process Mass Intensity) 


Discussion Session 5 401 


analysis on the processes, comparing chemicals with the biocatalytic 
processes. Depending on where you draw the boundaries of what you 
take into consideration in your analysis, the analysis looks better or not 
so good. But, generally speaking, it is more beneficial. It is advanta- 
geous over the chemical synthesis. But the degree varies depending on 
where you draw the boundaries. 


Martyn Poliakoff: 
Thank you. 


Andrew Turberfield: 

It was said several times that we don't really understand how enzymes 
work. And Nick just said that enzymes probably have to be big; without 
saying why. Is there an obvious difference between trying to engineer an 
enzyme from a natural scaffold — which is marginally stable — and one 
that is synthetic and overwhelmingly stable? And is the field using that 
sort of comparison to try and learn how things really do work? 


Donald Hilvert: 

We are starting to look at this. I think one of the advantages of being able 
to design is that we can now compare scaffolds in a systematic fashion. 
And so, why is a TIM-barrel particularly engineerable? It's a beautiful 
fold, it allows you to bring functionality together convergently. So, it's just 
an ideal way of creating an environment where you can completely sur- 
round the substrate and the transition state and provide selectivity. We 
have now tried to take the lessons that we learned in some of these evolu- 
tionary strategies and extract the functional — the effective catalytic 
apparatus — and transplant it into some of the de novo designs that are 
very stable. What we found in an 8-stranded barrel, for example, is that 
the initial activities are much higher — by almost two orders of magnitude 
— compared to the original design that I showed you today. But it turned 
out to be much less evolvable. That may be because it's too rigid; or that 
the scaffold itself is just not ideally suited to do this multi-step transforma- 
tion. It is maybe better for one-step reactions. That we just don't know yet. 
But we can now ask these questions in a systematic fashion. 
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Andrew Turberfield: 
Thank you. 


Sílvia Osuna: 

If I can add something. That's why many people are also doing ancestral 
sequence reconstruction. They use these ancestral enzymes that are very 
stable and also usually promiscuous. They have this ability to adopt dif- 
ferent conformations. And people use those scaffolds for design. And 
what they have seen in some cases is that, using one of these flexible scaf- 
folds with just a reduced number of mutations, they can get much better 
designs. So that's another point towards that. 


James Liao: 

I have a question for Nick (Turner). You showed a nice example of one 
active site that catalyzes three reactions. Do you think that's a special 
case? Or that's the general principle that, eventually, one can design one 
active site that catalyzes multiple reactions? 


Nicholas Turner: 

It's definitely not a special case. I mean, there are enzymes that catalyze 
multiple reactions with single active sites. I think there's an enzyme called 
macrophomate synthase. I think it catalyzes 6 different chemical reactions 
in a single active site. That's possibly the world record holder. Nature has 
found a way of evolving enzymes that have multiple reactions within a 
single active site, so that's interesting. How did that happen? To me, the 
key, going forward is to think about what chemistries you could combine 
within a single active site. I mean, clearly there's going to be limitations 
to this. If you're going to use a single active site, the chemistries got to be 
related, obviously, from a mechanistic point of view. An obvious place to 
start is a redox reaction. Oxidation and reduction are essentially the same 
process, just in reverse. So, you see examples of where redox reactions are 
catalyzed by single active sites. Then I think you need to think about the 
similarity between the product of one reaction acting as the potential sub- 
strate for the next reaction. Because that could lead you into these multiple 
activities. Actually, if you look in the lecture of organic catalysis, this is 
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not unusual. Organic catalysis and biocatalysis, I think, are just sort of two 
sides of the same coin. In the early days, when Dave MacMillan and Ben 
List — and others — devised those organic catalysts, they looked at bio- 
catalysts and I think gained some inspiration for them. Now, what we're 
doing is that we're looking at organic catalysts, where you can do often 
these multiple reactions with a single small molecule catalyst, and we're 
trying to use those as inspirations. Because these guys have demonstrated 
that you can achieve that multi-reaction sequence with a single catalyst. 
So, for us the question is now, can you find an enzyme that could do some- 
thing similar but within the context of a protein active site? 


Donald Hilvert: 

Just to continue on that. The inspiration from organocatalysis is also being 
utilized directly for design, to try and incorporate organocatalysts in the 
binding pockets. This is being done by Anthony Green and Gerard Roelfes 
and others. They are trying to put organocatalysts into the binding pockets 
of a protein to gain some intrinsic reactivity that they can then shape 
through evolution. 


Martyn Poliakoff: 

It's quite a quick question. Well, I hope. Can you use the enzymes more 
than once or are they essentially single use catalysts? Can you recover 
them, recycle them, and so on? 


Sabine Flitsch: 

If you immobilize enzymes. We have immobilized some enzymes, not all. 
But if they're stable enough, you can just remove them through filtration 
and then put a new substrate in. We have had several examples published 
where we have just used them again and again if they're stable enough. 
So, in principle you can actually reuse them. 


Martyn Poliakoff: 

But since they're big molecules, as Nick (Turner) has said with pride, 
could you just remove them with nanofiltration, for example? Without 
immobilization? 
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Sabine Flitsch: 

Yes, we do that routinely as well. You are absolutely right! They're quite 
easy to filter off with 10,000 molecular weight filters, or something like 
that. Did anyone else want to comment on that? 


Bert Meijer: 
First of all, l'd like to congratulate you with the progress in this field. It is 


immense. Not only you but the whole area, obviously. So, I synthesize 
often molecules that are very difficult to dissolve, or the product is actu- 
ally insoluble. It's a little bit related to the solvent you are using, but also 
enzyme inhibition and all of this. How important is it that the substrates 
and the products are well soluble in the medium where you use the 
enzyme? 


Nicholas Turner: 

There are slurry-to-slurry processes that operate on the scale, so you do 
not need to get all of your substrate into solution. As a guideline, when 
people develop engineered biocatalysts, particularly in industry, they're 
targeting substrate concentrations typically, I would say, around at least 
50, maybe 100 grams per liter. If you look at the biocatalytic processes 
that make it, to scale and commercialize, that's a hallmark. So, obviously, 
at 100 grams per liter, there may be issues around solubility; depending 
upon what type of substrate it is. You definitely don't need to get all of the 
substrate into solution. You can use co-solvents (and people do that) if you 
want to solubilize. Maybe that will increase the rate of the reaction — it 
probably will. Inhibition, that's a very important point, and we've dodged 
that bullet a little bit. Enzymes are prone to inhibition. Yet again, that can 
potentially be fixed by protein engineering. But sometimes it can't, and 
therefore you need sometimes strategies for in situ product removal. We 
could have had a chemical engineer on the panel talking about that issue. 
Some reaction products fortuitously precipitate out. The original aspar- 
tame synthesis — which was using an enzyme to do a peptide coupling — 
its product just continuously precipitated. So, the equilibrium of that 
reaction was never attained. It just came out of solution, which alleviated 
inhibition and drove the product formation. 
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Bert Meijer: 
Thank you! But I still don't completely understand. You have a substrate 


and you make a product that has a different type of functionality because 
that's why you do the reaction. Then you have to know what is the distri- 
bution of that molecule in the solvent or in the precipitate, but also in the 
active site of the enzyme, isn't it? So, there are many reactions that will 
not really work because the product is more prone to be in the interior of 
the enzyme than the substrate. Is there something wrong in my 
arguments? 


Nicholas Turner: 
So, you're talking about inhibition of the enzyme by the product? 


Bert Meijer: 
Yes, that makes the catalysis so slow because the product is more prone to 


be in the inside of the enzyme than the substrate. 


Nicholas Turner: 
Yeah, that could be the case. 


Bert Meijer: 
How do you solve this problem, then? 


Nicholas Turner: 
Well, I think you probably have to either engineer the biocatalyst to be less 


prone to inhibition — which is possible — but without compromising its 
activity. Or you need to reduce the concentration of the product in solution 
by either removal or precipitation. You've just lowered the concentration 
of the product and therefore presumably you will reduce the inhibition. 


Stefan Lutz: 

There are really two aspects, one that actually was brought up. Cascades 
are a perfect solution to overcome some of the product inhibition 
challenges. In the Islatravir synthesis, the buildup of some of the 
intermediates, which otherwise could act as inhibitors for the enzymatic 
reactions, are simply converted (by later biocatalysis steps). The same 
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with cofactors. Cofactor recycling is not only a way to eliminate or reduce 
costs of that element within the production, but it also eliminates some 
aspects of product or inhibition of these cofactors. Lastly, there are plenty 
of engineering examples of substrate and product inhibition being elimi- 
nated as part of these directed evolution processes. So, it is an addressable 
problem. 


John Sutherland: 

Primarily addressed at Nick, but Pd like to hear what everyone has to 
think about it. If big enzymes are necessary and small enzymes are no 
good, how do we get to big enzymes in the first place? 


Nicholas Turner: 
I was hoping you were going to tell us this afternoon, John. 


John Sutherland: 
Let's play tennis Nick! I'll bat the ball back into your court. 


Nicholas Turner: 
That's what you call a hospital pass, isn't it? How did enzymes become so 
big? 


John Sutherland: 

If small enzymes are no good, how do you get to big enzymes in the first 
place, when presumably smaller proteins are initially most easily 
accessed? If they don't give you any advantage, what's the incentive for 
evolution to progress to the stage of making bigger proteins where you 
suddenly find the activity? 


Nicholas Turner: 
Ok, it's a great question. 


Sabine Flitsch: 
I think Professor Wüthrich has an answer to that! 


Kurt Wüthrich: 
I asked you this question before in private. You don't engineer sizes. You 
use natural scaffolds and dabble around. I think size is important to 
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maintain osmotic pressure in the cell. Some of the proteins are present in 
sufficient quantities to play a major role in maintaining needed osmotic 
pressure across cells in the organism. 


Sabine Flitsch: 
Thank you. I think Don Hilvert? 


Donald Hilvert: 

So, the question is: how small is small? The protein that I spoke about at 
the end of my talk is 94 amino acids long. It's a helical bundle, incredibly 
dynamic, and yet it's a very good catalyst. That protein was designed by 
combining peptides, initially using metal ions as an interface, and then 
fused and diversified. And one presumes that this would be a way to have 
generated the original proteins. 


John Sutherland: 

Just to reply. Ninety-four, with twenty amino acids in the basic set to 
explore that sequence space de novo would be very difficult for nascent 
biology, presumably. 


Donald Hilvert: 

But small peptides can also have considerable activities. People like Scott 
Miller have shown this. So, I don't think you need a huge protein. I think 
modern enzymes are large because they also need to completely surround 
the reaction space that they control, and large size provides you that. It 
also provides you a mechanism of regulating activity within the cell. 


John Sutherland: 
Thank you, I think that's the answer I was hoping to hear basically. So, 
you think there's sort of opportunity to be found in small peptide space. 


Sabine Flitsch: 
Maybe if we go along the table? 


Daniel Nocera: 

Maybe this is touching on something you mentioned, Don (Hilvert). A lot 
of this starts off with the active site — it is active site focused. But you 
used the word rate-determining step in your talk. That's why I ask this to 


408 S. Flitsch 


you first but also, I would like to know computationally. A lot of large 
things exist because there is allosteric regulation, away from the active 
site. So, if there are allosteric regulation steps, very remote from the active 
site, are you nailing those or is it just getting kind of averaged into the 
active site in directed evolution, experimentally? And then computation- 
ally, is that space too big for you to probe in these large enzymes, if you 
have allosteric regulation remote from an active site? 


Donald Hilvert: 

Just to answer quickly. We haven't focused on any proteins that are allos- 
terically regulated in our systems. We've just been trying to look at rela- 
tively simple transformations to understand how well we might be able to 
catalyze them. And then, you can imagine thinking about adding regulation 
after the fact. But we've not actually looked at that. Silvia might be able to 
give you a better example because she has this two-enzyme system. 


Sílvia Osuna: 

Thanks a lot for the question. So, the tool that I was mentioning in my 
talk, Shortest Path Map, is actually inspired by previous methods that 
were used to study allosteric proteins. Usually, when you have this allos- 
teric protein, you can do these MD simulations to check for correlated 
movement between residues and use graph theory to try to identify com- 
munities within this protein. So, try to see: “Ok, so this region here is all 
the way connected to this other region there". And what we did, well, we 
took this kind of inspiration, but in our case, we were not that interested 
in communities or in regions, but rather in specific residues that we think 
are important for the communication. And so, with this tool, we are able 
to see remote — very far away — positions that are all the way connected 
to the active site. And I also think it's very interesting that with directed 
evolution we have learned that many distal mutations have a big impact. 
In a way, this is telling us that enzymes have some sort of allosteric regula- 
tion intrinsically. And maybe, for designing, we need to take advantage of 
that, and these kinds of tools can help. 


Sabine Flitsch: 
If you just go next. 
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Karthish Manthiram: 

Alison, I think you mentioned the importance of cofactor regeneration. 
And I guess Nature is converged on a small number of cofactors that help 
to deliver the energy that's needed, whether it’s NADH or ATP, and what 
not. I was just wondering, in our own industrial synthetic use of these 
enzymes, should we believe that those cofactors are still the best way of 
delivering that energy? Or should we consider other synthetic analogs or 
entirely other methods of satisfying those energy needs for these enzymes? 


Alison Narayan: 

That's an excellent question and I think that there are many different 
directions that are being explored. So, there's a really active area in the 
research of unnatural cofactors that you might use to access different 
chemistry. But there are also ways that you can intervene in the ways that 
natural enzymes power their catalysis. So, for example, with cytochrome 
P-450's. Typically, that cofactor might be NADPH, which is supplying 
electrons to a reductase. Ultimately those electrons get to the heme of the 
P-450. But there are ways that we can deliver electrons from organic rea- 
gents, inorganic reagents, or just straight up from an electrode to provide 
electrons. I think there are a lot of exciting opportunities there, and I think 
that when you look at a lot of the inefficiencies in the overall process of 
the catalytic cycle, that's an area where there is a lot of room for improve- 
ment and there are exciting developments happening there. 


Sabine Flitsch: 
Anyone else on cofactors? 


Arne Thomas: 

Very impressive session I have to say. I would like to add up on a question 
Ben Feringa asked. Last answer was that there are enzymes which are 
working in pure toluene. You can evolve enzymes who are doing this, and 
it is, I guess, not really a common knowledge. So, I’m impressed that this 
is possible. Can you give us some more details on what do I have to do to 
an enzyme that it maintains its structure and activity in toluene? And 
I think it was also mentioned that you can evolve enzymes which can 
work at higher temperatures, for example. This would be very interesting 
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because, in the end, the structure of protein is hydrogen bonds and ionic 
interactions. So, I would have guessed that is should not be possible to go 
to higher temperatures. Can you give me some chemical insights on struc- 
tural variations on enzymes you have to do to achieve this? 


Sabine Flitsch: 

When we talk about pure toluene, the close environment to the enzyme 
still has shells of water. And that is why toluene is quite nice, because it's 
not miscible with water. In fact, often, the water-miscible solvents really 
kill the enzyme activity. The way I look at it is that you do still have the 
enzyme with a small shell of water and very often you need to have a very, 
very precise amount of water in your samples to maximize your activity, 
but it can be a very, very small amount to control that. I am not aware of 
any enzyme that would function where there is no water around. There is 
still quite a lot of water around, but it's in the environment of the enzyme. 
About the thermal stability: obviously, there are natural enzymes that are 
thermostable. I personally, without any engineering: what we would do in 
the first instance is to look for very similar enzymes in a database of 
known thermophiles. And very often, if you do that, you already get quite 
a big win: enzymes that are stable at 70°C. Sometimes, if you express 
these enzymes heterologously in bacteria, you can actually boil the bacte- 
ria after you've grown them up, precipitate out all the intrinsic proteins, 
and you just keep your enzyme soluble, and it is stable. May be Stefan 
Lutz can say a little bit more about this topic. 


Stefan Lutz: 

Maybe to your first point: the toluene reaction. What Sabine is referring to 
is the primary hydration layer surrounding the protein of interest. We typi- 
cally lyophilize our proteins and that reduces it down. That initial water 
layer is very, very difficult to eliminate because it just binds very tightly 
to the protein surface. So, from a preparation perspective it's feasible. It's 
not particular sophisticated or challenging. Water activity — adding back 
small amounts of water to maintain a proper layer of hydration — can be 
the case. As to the second part of your question, what instils solvent- or 
thermo-stability to these proteins? I think there is still an ongoing debate. 
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We have thermostable proteins that live in hot Springs or come from 
hydrothermal vents. People have observed certain trends, certain prefer- 
ences, surface modifications but also modifications of amino acids, certain 
interactions — ionic for example — that can help stabilise (the protein). 
But there isn't a clearly defined solution. The beauty of directed evolution 
is, of course, that you do not need to understand the fundamentals in order 
to identify improved variants. All you need to do is to screen at elevated 
temperatures and find variants that still exhibit activity. So, you can drive 
to an optimization of those kind of properties. So, I am not sure that there 
is a satisfying answer yet as to the physico-chemical principles that Nature 
exploits to achieve those kinds of stabilities. 


Nicholas Turner: 

Just a couple of comments. Thermostability and solvent stability often go 
hand in hand. So, if you get one, you get the other. Which is helpful. There 
are increasingly available algorithms — we use them — like Protein 
Repair (One-Stop) Shop or things like that. You basically just type your 
sequence into an algorithm, and it makes predictions of where you should 
mutate to get improved thermostability or solvent stability. What we typi- 
cally do is try a few of them. It's a little hit and miss, but often they work 
really well. So, it just looks at the sequence. And if you have a structure, 
it looks at where there might be mobile loops and it says: “Try putting 
mutations in there. And often they would work really well in our 
experience. 


Kurt Wüthrich: 

I'm somewhat surprised about this discussion. I am aware of thermostabil- 
ity but when we now talk about applications, shouldn't we aim for 
enzymes that have optimal activity at low temperature? Just to save 
energy? I think to the best of my knowledge this is being searched for in 
industry. 


Nicholas Turner: 
But if you go to higher temperature, you will get higher rates and higher 
solubility. 


412 S. Flitsch 


Kurt Wüthrich: 

Well, you should now work trying to get comparable activity at lower 
temperature. Of course, you will have reduced turnover rates because of 
slower diffusion. But I think you should find compromises to minimize 
energy consumption with enzymatic reactions. 


Nicholas Turner: 

Fair point! Solubility is always going to be greater at higher temperature. 
And I take the point that, if biocatalysis is really going to make an impact, 
then it should work at room temperature with equivalent rates. I see your 
point. 


Kurt Wüthrich: 

You should now work on getting stable proteins at low temperature. If we 
consider all the problems with climate change and so on, you should defi- 
nitely work towards enzymes that produce at low temperature. I am not 
talking about 5?C but in the range of 20 to 40?C. 


Nicholas Turner: 

That raises the wider question: why do people use biocatalysis? They look 
at the whole process. If they have a chemical process and they want to 
replace it, they look at the cost of the starting materials, they look at the 
cost of the catalyst, they look at how many steps they need to do, the 
energy input, etc. It's not my field but that's what I assume industrial 
chemists do. So, they take the whole picture into account. Maybe in some 
areas biocatalysis wins, but in other areas it doesn't. It's the overall eco- 
nomics of the process that is going to determine whether you switch from 
a chemical process to a biocatalytic process. Biocatalysis often gets you 
into a completely different synthetic regime, with different starting mate- 
rials. The thing I like about biocatalysis is that, when it works, it doesn't 
give you something slightly better, it gives you something actually quite 
different. I think that's the appeal of biocatalysis, from a process chemis- 
try point-of-view. It can make the process look really quite different. 


Ben Feringa: 
This is very intriguing, because of what Kurt says about temperature. I 
see that often people say: “We have these enzymes that are so active, 
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there are so many turnovers." But the real challenge, from my perspec- 
tive, is also to integrate different catalysts, also synthetic catalysts. There 
is also a challenge to slow down the enzymes to make them compatible 
with the synthetic catalyst, because a lot of synthetic catalysts cannot 
keep up with the enzymes. And when they mismatch, you don't have the 
proper concentration, and so on. Is that also not a challenge in this 
respect? 


Donald Hilvert: 

There are many thermostable enzymes that are known to lose activity 
when you drop the temperature, natural thermostable enzymes. However, 
many enzymes follow a simple Arrhenius relationship. So, if you make 
something very active at 95?C you will get a corresponding rate accelera- 
tion at lower temperature. That said, if you have an enzyme that is stable 
at 95?C, it also has a potentially much longer lifetime. I think that's a big 
advantage, practically, to select for very stable enzymes. To answer Ben 
(Feringa)'s question: all you do is change the concentration. If you have 
an enzyme that's too fast, you use 10 times less. 


Stefan Lutz: 

I think, the problem you described becomes very obvious in cascade reac- 
tions, where you don't have control over the concentration. And there, 
there is an active effort to fine-tune and to coevolve enzymes that are part 
of a cascade. For example, Islatravir was mentioned several times. Those 
enzymes were coevolved in order to align and to maximize the flux 
through the entire cascade, in some cases requiring much less evolution 
because the native enzyme had a superior activity, others needed addi- 
tional rounds of evolution to align and optimize overall flux. Maybe a 
quick revisit of the point that Professor Kurt Wüthrich raised about tem- 
perature. I fully agree with you, to desire to operate under greener condi- 
tions. An example where elevated temperature was a desirable feature was 
in the DNA synthesis, where, as you are polymerising the nucleotide, 
secondary structure can greatly influence the access for the enzyme and 
affect the synthesis. Being able to thermostabilize the protein, running the 
reaction at elevated temperatures to eliminate secondary structure, was a 
beneficial feature there. But generally speaking, I would agree with your 
vision of driving towards lower temperatures. 
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Gerald Joyce: 


I want to come back to something at the very beginning of the discussion, 
that Andrew Turberfield started, which is: "Where to begin the game?" 
You kind of put two options out there, either starting with a natural occur- 
ring enzyme or starting with one of these designed scaffolds. And Don 
(Hilvert): you made the comment that, by starting with the design scaffold 
rather than an evolved enzyme from Nature, you can avoid the evolution- 
ary baggage of an enzyme from Nature. But I would also point out that 
such enzymes are civilized, they are not feral, you know. I think there's 
more variants on this. So, one could start with a predicted ancestral 
enzyme, one could start with an existing enzyme that mechanistically 
performs a similar reaction but not the one you are interested in, one can 
start with an existing enzyme that through catalytic promiscuity has a bit 
of the activity you are interested in. So, there are all these possibilities. 
What's frustrating to me about the field — and I am guilty of this as well 
— 1s that too much of what we have done is anecdotal. You know, there 
are these shaggy dog stories about: “We started with this, we did this, and 
we got this and here is the result." What I haven't seen in the field is truly 
side by side competitive experiments where there are multiple starting 
points in play, that are given a fair and equal chance to get there. I know 
that's trickier because now you are committing some of your wells — or 
some of your population size — among different starting points. Isn't that 
what it's going to take for us to get the answer to the question of: *where 
to start?" And I hope the answer isn't going to be: “Well, it's different for 
every possible reaction." Because we really would like to find some gen- 
eral lessons about what a smart starting point is — if not the best starting 
point. How can we get more sophisticated about this? 


Donald Hilvert: 

Ithink what we want to do is to run evolutionary races from different start- 
ing points. And that's cumbersome when you are doing plate assays. But 
if you have the throughput of a fluorescent activated droplets sorter, where 
you can look at 100 million variants in a single experiment, then that 
becomes much more feasible because you can start at very low activity. 
We have shown that we can go all the way back down the mountain and 
optimize to a significant level with very low starting activity. So, I think 
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there you have a chance of actually exploring this. We're not going to be 
able to do hundreds and hundreds of these experiments. But I think we can 
begin to compare designs with similar starting activities in different kinds 
of scaffolds. 


Gerald Joyce: 
So, who's going to do this? In the protein folding field, they basically set 


up a challenge across the field for people to make their best predictions. 
But how does our field address this? I think it's going to be hard in the 
commercial setting because you've got milestones to make. How do we 
actually do this? 


Alison Narayan: 

I think we're starting to get to the point where we have the tools for these 
larger scale experiments. Sabine (Flitsch) talked a lot about the advances 
that have been made that make it easier for us to get different enzymes 
starting points in a given laboratory. We have systems that are going to 
allow us to get to higher throughput within our own labs, like Don 
(Hilvert) talked about in the droplet analysis, but also in continuous evolu- 
tion systems like developed by Dave Liu and being used by Bryan 
Dickinson at U. Chicago. I think these platforms are going to enable us to 
more easily ask these questions of different starting points. I think that's 
exciting to do. In my own lab we often face this question of: “what is the 
best approach?" Do we take an enzyme with a 2% yield that gives us four 
different products and try to whittle that square peg to fit in our round hole 
or do we go back and search for a different starting point? I don't think 
that there are enough examples yet for us to know what the right rules are 
to follow, but it's an exciting time to start writing those rules. 


Nicholas Turner: 

You are not going to like this answer, but I personally think it's a real 
strength that we have these different starting points. Anthony Green 
designed a Baylis-Hillmanase and evolved it. That's the first enzyme that 
catalyses that reaction (Morita-Baylis-Hillman reaction). I can find a 
brand-new enzyme from the metagenomic library that hasn't been 
designed. To me, the multiple ways of starting, most of which will go 
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through this direct evolution funnel at some point, becomes a real strength. 
We are not limited to one or two ways. We have many ways of starting. 
And, directly, evolution becomes a key conjurer into where we want to go. 


Gerald Joyce: 


I think that it's a great advantage, that there are lots of starting points. But 
my frustration is that the field — and I am guilty of it myself in RNA 
directed evolution — is more of a craft than a Science. So, it would be 
nice to have an agreed upon challenge that by many different approaches 
several different labs are all going to go for that same challenge, for exam- 
ple. It's not just the starting point where it's craft rather than Science. 
Think about all the arbitrary decisions that are made during the process of 
directed evolution — of an enzyme, in this case. Where to mutagenize, 
how high to mutagenize, what size to screen, what fraction of winners to 
select, whether to only select top cream of the crop or to sort of maintain 
a deeper call, how many rounds to do, when to mutagenize, whether to 
mutagenize randomly or targeted? The whole thing is craft work. So, I 
agree, and this session has made it clear that incredible progress has been 
made in the field. But it's time for the field to turn from craft to Science. 
That would be my ask. 


Sabine Flitsch: 
That's a very nice comment. One more answer. 


Sílvia Osuna: 

I think that's a great suggestion! We should organize something like the 
CASP competition, where people need to predict the structure. That's 
where AlphaFold turned out to be a very impressive solution. I like the 
suggestion! So maybe this could be done — starting with different scaf- 
folds and try to see which is the one that works. 


Sabine Flitsch: 
We have a question over there. 


Yamuna Krishnan: 
This brings me actually to my question, which is to all the panelists. 
Given where the field is now, what do you see as the next technological 
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breakthrough that must happen and that will give you the next-step change 
in finding your new chemistries or finding the proteins that you want? 


Sabine Flitsch: 

I think that's a question where we all could answer. Maybe I get started. I 
think we need to dramatically expand the type of reactions. If you look at 
the reactions in organic chemistry, there is a very large number. Biology, 
we talked about this before, only uses a very limited number of types of 
reactions and I think that could be dramatically expanded. I personally am 
a big fan of C-H activations, for example, and we know biology is very 
good with C-H activations, looking at oxygenases and oxidase and so on. 
If you could pick any C-H bond on any organic molecule and activate that 
with an enzyme — which, in principle, you should be able to do and you 
have tools to do — that would be enormously beneficial, even if you did 
that with just one substrate. We have currently a project where we are 
looking at fatty acids. If you think of a fatty acid, every C-H bond in a 
fatty acid is different if you include stereoisomers. Could we have a tool- 
box of enzymes that could selectively activate every one of those and 
make more complex molecule? So, I think there are still a lot of chal- 
lenges in the type of reactions we could do. I don't think we can do every 
organic reaction, but I think we can dramatically increase that set of reac- 
tions. Maybe if my colleagues want to say something? 


Donald Hilvert: 

I would just add one other class of reactions, that is radical reactions. In 
biology, radical SAM enzymes have come to the fore. They do absolutely 
amazing chemistry that is not duplicated using more standard methods. If 
biology can control radical reactivity, we should be able to capitalize on 
that. I think it's a huge opportunity for people interested in design and also 
just for being able to exploit the natural family of SAM-dependent 
enzymes. There are hundreds of thousands of these enzymes that are not 
characterised. 


Alison Narayan: 

I'll backup and agree with Sabine that something that's really important is 
development of more reactions, a greater breadth of reactions. In my opin- 
ion, one of the most important things to accomplish that is engaging a 
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broader chemistry community into biocatalysis, such that, it's not only the 
people who are doing biocatalytic reactions and thinking about reactions 
they could do with an enzyme who sit in the biocatalyst community. But 
that enzymes are available enough to your ordinary organic chemists that 
they could think about developing a reaction that way. So, if someone 
wants to commercialize enzyme panels, that would be very helpful. 


Donald Hilvert: 

For our area of design, better computational methods are needed. Faster 
computational methods, more accurate computational methods, computa- 
tional methods to take into account that proteins are highly dynamic, and 
these dynamic properties can shape the active site and contribute to cata- 
lytic efficiency. This is something that we just don't capture in the kinds 
of methods that I presented today. This is the future, I think. 


Sílvia Osuna: 

I totally agree with what Don (Hilvert) said. I think it's a very exciting 
time for the field, for the computational design of enzymes. With all these 
recent results with the application of machine learning, I think it will have 
a big impact. Thanks to AlphaFold, which has revolutionized the field in 
many different ways, machine learning techniques have been applied 
already for protein design. Of course, we need to move forward to not 
only protein design but also try to design functional enzymes. I think 
method development will be very, very relevant and definitely — that's 
my dream. So, for the next year I will try to come up with strategies to be 
able to take into account the flexibility, as well as the chemical steps, and 
try to design efficient enzymes. 


Sabine Flitsch: 

If you could computationally just design the enzyme we want. As wonder- 
ful as directed evolution is, if you can get away with it and just design it 
computationally, we could make it and we could develop catalysts for every 
reaction molecule very, very quickly. So, finding the right enzyme is still 
the slow step, despite what we said about evolution. There is a sort of “need 
for speed" — someone said — and if you wanted to do a reaction next week 
and you could computationally design your catalyst and you could make it 
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in a week, you could do that particular reaction next week. At the moment, 
we are still talking about months because you have to do evolution. 


Bert Meijer: 
I was just thinking about what you said at the end. Many reaction that we 


know are strong because we also say that it doesn't work here, here and 
here. You now give the impression, to me at least, that every conversion 
can be done biocatalytically. I think the strength of the field would be also 
to say: if you are interested in this type of conversion, never think about 
biocatalysis. 


Donald Hilvert: 
Maybe not reactions with butyllithium. 


Bert Meijer: 
I mean conversions. I think it would be helpful for those who are not in 


the field to see when you can look, as an alternative, to biocatalysis or you 
shouldn't do it. And if you're not in the field it's difficult to decide 
whether there is any chance to do it. 


Nicholas Turner: 

I totally agree! If you look at biocatalysis, compared to organic synthesis, 
there are big gaps. There are relatively few ways of making carbon-carbon 
bonds using enzymes compared to organic synthesis. Organic chemists 
have invented way more methods, more general, making carbon-carbon 
double bonds. If you want to do that biocatalytically you have to essen- 
tially do an aldol condensation dehydration. There is no “Wittig-ase”. 
I mean, people are encroaching on these, but there will always be certain 
reactions, I think, that are just not feasible biocatalytically because of the 
solvent. If you are going to generate a reactive intermediate in water, you 
know you can’t. The most common reaction we get asked probably to 
invent is fluorination with F". You cannot do it in water. You can do F . You 
can fluorinate, obviously, there are fluorinating reagents in organic syn- 
thesis that operate by DAST, that uses F'. So, people say: “can’t you find 
an enzyme to do the same thing?" I don't see how you can generate F* 
under aqueous conditions. 


420 S. Flitsch 


Sabine Flitsch: 
There were a few more questions to answer. 


Kurt Wüthrich: 

I think it relates to the questions and the contributions that were made 
during the last 2 minutes. Don (Hilvert) requires more efficient calcula- 
tions. Now, the major breakthrough of the last two years is the advent of 
promising structure predictions on a large scale: AlphaFold. In some way, 
your field is related to what is quoted as “rational structure-based drug 
design". When I talk to my colleagues who are in medicinal chemistry, 
trying in a rational way to develop drugs, I am told that the structures 
obtained by AlphaFold are not quite good enough for their purpose. How 
is it in your field? Is this revolutionary in what you need of structural biol- 
ogy, or do you still need more precise experimentally determined struc- 
tures? That would in no way invalidate AlphaFold, which can be used to 
greatly speed up experimental structural determinations. 


Sabine Flitsch: 
Maybe Sílvia can answer? 


Sílvia Osuna: 

Of course, when you run AlphaFold you get a structure that, in the end, is 
a model. And for some of the regions of these models, the level of confi- 
dence is not very high. But I think it's a very big breakthrough. In our 
group, what we are trying to do is to generate more than one structure 
from AlphaFold to try to have an estimation of the flexibility. I think that's 
very important because we can run AlphaFold in just seconds and get info 
about conformational heterogenicity in just seconds — that really makes 
a big difference! Maybe you are right, maybe the predictions that we get 
are not very accurate. But then you can further refine them. Ok, you need 
to do MD simulations that takes much longer. But as I showed you in my 
presentation, if you take output of a structure from AlphaFold that have 
different conformation and do very short, one-hour MD simulations, you 
can get a decent estimation of the conformational landscape. That is very 
exciting because that means that, just in hours, we could get some insights 
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and we don't need months of simulations. I think this can actually have an 
impact. Maybe the prediction is not very accurate, but you can couple it 
to other techniques and try to make it more accurate. And of course, the 
more structures are deposited, the better. You can train the model and can 
get more accurate results. 


Sabine Flitsch: 
Do you want to comment on that? 


Ben Feringa: 
I wanted to comment a little bit about the perception of using enzymes in 


synthesis, if I am allowed. 


Sabine Flitsch: 
Yes, of course. There is just one more comment. 


Donald Hilvert: 

David Baker published two papers last week using machine learning to 
actually design proteins. And the designs were much more successful than 
the original Rosetta fold. That said, designing structure is a lot easier than 
designing function, and that is the challenge. And it remains the 
challenge. 


Ben Feringa: 
You know I like butyllithium, but I also like enzymes and I tell you why. 


In the synthetic community, there is the perception: “Oh, enzymes, that’s 
a different field, I should not touch that.” P1 tell you a case. I think it’s 
also how we instruct our students and what we confront them with. I tell 
you this case where we were struggling for quite a while with an asym- 
metric HCN addition. Just a simple addition of HCN. And then, at a cer- 
tain point, I said to the student: “Go to the supermarket, buy some cashew 
nuts, don't get them roasted, mill them, .." They used the enzyme for 
HCN addition and, within one day, they had 23 grams of pure adduct with 
99% enantiomeric purity. Since that time, I never heard that complaining 
about enzymes. 
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Sabine Flitsch: 
That's very kind of you. Rob, do you have a question? 


Rob Knowles: 

I did have a question. Coming back to a comment that Stefan made. With 
these really impressive cascades of reactions, it seems that the optimiza- 
tion and the coevolution become a lot more challenging. I wonder if you 
could just comment on general strategies for these coevolution types of 
approaches. If you're just looking at starting materials and products, it is 
not clear where you maybe want to focus your efforts. I was curious if you 
could just comment generally about that. 


Stefan Lutz: 

The way we practice the coevolution is largely on the screening side. As 
you evaluate individual library members, you are not just running indi- 
vidual reactions, you're combining them as part of your evaluation after 
each round of evolution, or after each round of diversification. The most 
practical solution is to assemble the individual variants — or the lead 
variants — into the actual cascade and assessing their collaborative per- 
formance in those settings. So, that's to us the practicing of coevolution 
optimization, does that make sense? 


Rob Knowles: 

When these things are coupled ... and you were talking about driving 
equilibrium by coupled reactions and pushing things, like flexing things 
through. It seems like it is challenging in that way, right? Because they're 
not just discrete things that you can individually optimize per se. That 
was, I guess, what I was trying to find. 


Stefan Lutz: 

For example, the evolution of the cascade for the Reb M (rebaudioside 
M), this artificial sweetener involving two glycosyltransferases and a 
cofactor regeneration enzyme, largely consisted of creating diversity in 
the individual enzymes, screening them in test reactions, taking the leads 
and then combining them in running the actual process in a microtiter 
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plate format to evaluate the interplay of these lead variants. There's no 
general protocol. It requires a great deal of expertise from the experimen- 
talist to do that type of optimization. 


Rob Knowles: 
Thank you. 


Andrew Turberfield: 

If I can come back to the craft versus Science question. What I would do, 
and I accept, I'm probably totally, impossibly naive, I would take a bad 
design in which the catalytic residues were very close in primary 
sequence, and with robust local secondary structure, and I would throw 
out the challenge of embedding that module in anything else you like, and 
then evolving it and see what happens. See what works best. 


Donald Hilvert: 

That's basically what we did. There's a paper that is in press in Protein 
Science with the 8-stranded beta-barrel. So, we've not done it on many 
more scaffolds yet, but that's in progress. 


Gerald Joyce: 


That is really good! That's what we call the skunk in the room, right? You 
actually put a bad piece in the middle... Just coming back again to how to 
put more rigor in the Science. There are so many options there. I think one 
technical advantage we have, and certainly more so in recent years, is the 
use of deep sequencing analysis. So, it's not just the answer to: "How 
many rounds it took us to get there? What is its k,,,?” It's the trajectory. I 
think, if one ran one of these bake-off kinds of competitions, if one also 
committed to doing deep sequence analysis round by round through that 
trajectory to look at enrichment trajectories within the population and sub- 
dominant individuals, and so on...: that, I think, might be a way to build 
more rigor into the process. 


Donald Hilvert: 
It will also provide the data for machine learning. 
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Matthew Kanan: 

I want to come back to I think something that was mentioned earlier about 
the concentration for a scalable process. You said you push it to 100 grams 
per liter. I'm just wondering, in general, how challenging that is? If you've 
identified an enzyme and you have the great reaction metrics that we are 
used to. Then, for a substrate that you're going to produce on scale, what 
are the challenges going from there? Presumably, the concentrations 
you're working on at the discovery phase are far lower than that. And a 
related question: I'm not sure I fully understand all these cofactor regen- 
eration approaches. For example, if I’m interested in an oxidation and 
I want to run it aerobically with NAD* or something. How feasible is that? 
So, I guess combining those two: aerobic oxidations at high concentration 
are hard in general, but really powerful for a lot of high-volume chemi- 
cals. What's the state-of-the-art with respect to that? 


Nicholas Turner: 
So, how general is it to be able to get up to 100—150 grams per liter with 
a biocatalyst? It's becoming more general. There are many enzymes that 


have been engineered to work at that concentration. It's not always achiev- 
able, but, if you take for example the imine reductase family of enzymes — 
which I briefly talked about — those wild type enzyme sequences are 
actually quite tolerant of reasonably high substrate concentration. And 
they have turnover numbers in the region of 10,000 for a wild type 
enzyme. So, that relates a bit to Rob's point: “How do you engineer these 
enzymes in the context of cascades?" What we do in our lab — and obvi- 
ously you do this in industry — is we will set ourselves targets. For exam- 
ple, we need this level of activity, this level of turnover frequency, turnover 
numbers, substrate concentration. If we get to that, we think we have a 
catalyst that either we can put into a cascade, or we could potentially hand 
over to somebody to scale. And a lot of this is based on experience, you 
know, many biocatalytic processes have now been developed. So, people 
know what a good biocatalytic process looks like because it has certain 
hallmarks in terms of concentration, turnover, and so on. Twenty years 
ago, that wasn't the case, but now we know what we're shooting at in 
terms of parameters. In terms of oxidation, that is an issue. What we find 
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when we wind those enzymes up, oxidases to do oxidation, oxygen can 
become limiting. And so, we need to think of ways of getting more oxy- 
gen into the solution because the enzyme activity is being limited by the 
availability of dissolved oxygen, which is relatively low in water at ambi- 
ent pressure. Cofactor recycling, I would say... If you're doing oxidations 
with cofactors, I think that's essentially a solved problem because of the 
high turnover numbers of those enzymes. Codexis has a glucose dehydro- 
genase that has been engineered and that is so stable and so active that 
cofactor recycling sort of drops out of the equation in terms of being an 
economic barrier. 


Matthew Kanan: 

Sorry, so just to clarify... If I'm going aldehyde to acid, you can run that 
off oxygen trivially, even if it's not using oxygen as the chemical oxidant 
in the mechanism. It is using NAD', for example. 


Nicholas Turner: 

There are basically two ways of doing oxidation — maybe three — in 
biochemistry. You can for instance dehydrogenate, using some sort of 
nicotinamide dependent enzyme. 


Matthew Kanan: 
Yes, so that's what I'm asking for. Dehydrogenation mechanism, turning 
that into oxygen as the stoichiometric oxidant. How easy is that? 


Nicholas Turner: 

Then you need to switch to an oxidase or a peroxygenase, which is a 
mechanistically different enzyme. It is going to use oxygen to do the oxi- 
dation, and it is going to produce peroxide as the byproduct, possibly 
water. But it's a different way of oxidizing. 


Matthew Kanan: 
So, there's no way to recycle NAD" aerobically, I guess, it’s my question. 


Nicholas Turner: 
So, you want to convert it back to NADH? 


426 S. Flitsch 


Matthew Kanan: 
I'm saying, it’s becoming NADH in the oxidation reaction, and then I 
want to take it back to NAD* with oxygen. 


Nicholas Turner: 
So, you would use an NADPH oxidase, which is an oxygen-dependent 
enzyme that would do exactly that transformation. 


Kurt Wüthrich: 

So far, without explicitly stating so, we talked only about homogeneous 
catalysis by enzymes. Over the years, there have been attempts to couple 
enzymes on supports and then run enzymatically catalyzed reactions 
through columns. What is the state of this approach these days? 


Sabine Flitsch: 

That is possible. It has become even quite easy in the laboratory because 
a lot of these enzymes contain tags anyway (these polyhistidine tags). You 
can immobilize them on commercially available resins. Some enzymes 
work really well and others not. It's a little bit of a black art, still. But that 
is entirely possible. Purolite is another really good Epoxy resin, very 
cheap resin. We've immobilized oxidases on Purolite. In fact, that stabi- 
lizes our oxidases. We can use them much more in organic solvents, 
they're more thermostable. So, I think that is quite a mature Science. 
Although it is a little bit of a black art. It works with some enzymes and 
not others, but it is entirely possible. 


Kurt Wüthrich: 
Now semantics. Would it be correct to talk about heterogeneous enzyme 
catalysis? I mean, what is the relative importance of the two approaches? 


Sabine Flitsch: 
In fact, I think that's what we did. We could say we turned homogeneous 
into heterogeneous catalysis in the paper. 


John Sutherland: 
When would you use fermentation instead of biotrans (biotransforma- 
tion)? You mentioned penicillin. Would you make penicillin by biotrans? 
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Would you make it by fermentation then use biotrans to remove the 
sidechains? What are the issues? 


Sabine Flitsch: 

As you know, the penicillin synthase is a terrible enzyme. We are still 
struggling with that. It goes back to that *oxygenase" point as well. It's 
extremely sensitive to oxygen, so supplying with the right amount of oxy- 
gen is really difficult. Amazing enzyme, but that is definitely better for 
fermentation at the moment. Although we are still working on that a little 
bit. Also, I should say, its substrate — the ACV tripeptide (alpha-aminoad- 
ipyl-cysteinyl-valine) — you also have to make that. Which is some effort 
to make it. So, definitely, for penicillin fermentation is still much better. 


Andrew Fire: 

I was intrigued by the metagenomics that Nick mentioned. He was using 
it to find leads but I am wondering, if you look at the evolutionary trajec- 
tories experimentally, do you see equivalents in the metagenomic data for 
that? There’s quite a bit out there to look at and see if the biological world 
has played with the same things that you’re finding in experimental 
evolution. 


Nicholas Turner: 
I didn’t quite understand the question. Is it: “When we look into metagen- 
omic sequences do we find similar things to evolved enzymes?” 


Andrew Fire: 
Do you find similar changes to what are observed in the course of experi- 
mental evolution? 


Nicholas Turner: 

Oh, I see. That’s a very good question! In fact, one thing we do, if we’ve 
got a new enzyme and we think we have identified some residues that are 
important in controlling selectivity, we will look into known sequences — 
which is easy to do — to see what the natural variation at that residue is. 
And if it’s highly conserved, then it probably indicates that it’s not some- 
thing you can change. But if there is natural variation in that position, that 
is often a key indicator that this is an area of the protein that we can mutate 
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and maybe expect to see changes. Because Nature has already explored 
that particular residue — or set of residues. Because it is actually occur- 
ring quite frequently in natural sequences. That is where, to me, metagen- 
omic meets directed evolution. It's two different solutions to the same 
problem, natural variation as well as synthetic, laboratory-created 
variation. 


Sílvia Osuna: 

If I can add to that. The particular case that I showed you, the six positions 
that we targeted in this tryptophan synthase B. What we did afterwards 
was checking a number of multi-sequence alignments for TrpB sequences 
from other organisms that already had these six mutations. And we found 
one in an organism from a lake in Norway. We were happy to see that this 
sequence, this specific TrpB, had also standalone activity and very similar 
to the SPM6 variant that we designed. 


Andrew Fire: 

Another thing I would point out here is that the full breadth of metagen- 
omic data that is out there is much greater than, for instance, any one 
company would have. All the sequences for all the microbiomes, and all 
the dumps, and all the oceans, is available now. And I think that is another 
tool that would come from massively parallel computing : it would be to 
look at a much broader set of metagenomic data. 


Sabine Flitsch: 
I think we're running out of time. Unless anyone has any very urgent 
question. 


Stefan Lutz: 

I just wanted to come back to your question. I think the metagenomic 
information, identifying variability in various positions within a protein 
sequence, is invaluable information for designing. Depending, of course, 
how far you divert from the natural function. The natural diversity in indi- 
vidual positions becomes less and less relevant then. But nevertheless, for 
the initial analysis, it's a critical element that can speed up the design 
component in a significant way. 
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Sabine Flitsch: 

I think we've run out of time. I just want to thank the audience. As you 
could see, we didn't really have to ask each other any questions. You asked 
us a lot of questions and I’m really, really grateful for the very positive 
attitude with which you have approached our enthusiasm for the field. 
Thank you very much for those discussions. I close the session. 


This page intentionally left blank 


Digital Illustration of a protocell 


Image courtesy of Janet Iwasa 


Session 6 


RNA Chemistry to Explore our 
Origins and Fight Viral 
Pandemics 


This page intentionally left blank 


© 2024 The Solvay Institutes 
https://doi.org/10.1142/9789811282324 0040 


RNA Replication and the 
Origins of Life 


Gerald F. Joyce 


The Salk Institute, La Jolla, 92037 CA, USA 


RNA -Based evolving systems 


All known organisms rely on DNA as the genetic material and proteins as 
the chief agent of function, but the machinery needed to copy DNA and 
express proteins is far too complex to have arisen spontaneously. In the 
late 1960s, as the principles of molecular biology came into focus, it was 
first suggested that the earliest form of life instead relied on RNA as both 
the genetic material and the agent of function [1—3]. Special attention has 
been directed to what Francis Crick called the "first enzyme" of life: an 
RNA molecule that catalyses the replication of RNA and thus is both gene 
and enzyme [2]. Such a molecule could provide the basis for a living, 
evolving system. 

There are several known examples of RNA enzymes in biology, but 
none have the ability to copy RNA. A larger number of RNA enzymes have 
been developed in the laboratory using directed molecular evolution, 
including those that can copy an RNA template by joining together the 
nucleotide building blocks of RNA (A, U, G, and C) [4-6]. Like natural 
evolution, directed evolution relies on processes of amplification, mutation, 
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and selection to enrich a population with individuals that are most fit, but 
in directed evolution, the experimenter defines the fitness criteria. 

RNA viruses also undergo processes of Darwinian evolution, resulting in 
the emergence of novel variants with increased fitness. Copying of the viral 
RNA is dependent on protein enzymes that are encoded within the viral 
genome, but those proteins must be synthesized by the machinery of the host 
cell. Thus, an RNA virus cannot be regarded as a living system in its own 
right. The fitness of a virus is ultimately determined by the functional copy 
number of its genome over time, but that fitness takes into account the mate- 
rial properties of the viral genome and the virally encoded proteins. 

The directed evolution of RNA serves as a model of both RNA-based 
life and viral evolving systems. In fact, the first directed evolution experi- 
ment, carried out by Sol Spiegelman and co-workers in 1967 [7], involved 
the viral genomic RNA of Q9 bacteriophage, which was replicated in the 
test tube using Q replicase protein. A portion of this multi-subunit pro- 
tein is encoded within the viral genome, with the remainder supplied by 
the host cell. The original Spiegelman experiment, and others that fol- 
lowed, demonstrated the evolution of variants of the Q8 genome with 
increased fitness. Fitness was no longer coupled to viral infectivity but 
simply a reflection of the increased copy number of the virus-derived 
RNA under the chosen set of experimental conditions. 

Modern-day directed RNA evolution experiments seek to drive RNA 
to perform novel functions, sometimes with a practical application in 
mind, and also to explore the catalytic potential of RNA. RNA viruses 
have the benefit of encoding proteins with broad functionality, including 
the critical function of replicating the RNA genome. The functional supe- 
riority of proteins over RNA likely explains why there is no known exam- 
ple of a viral RNA that catalyses its own replication. Yet if we are to 
address the question of how the first living systems arose, before the 
advent of instructed protein synthesis, then it is important to seek RNA 
molecules that can function as an RNA-dependent RNA polymerase, with 
the ability to catalyse the replication of RNA. 


Towards an RNA enzyme with RNA replicase activity 


Early attempts to develop an RNA-dependent RNA polymerase focused 
on stringing together a few letters of RNA by adding activated nucleotides 
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(NTPs) to the end of a template-bound RNA primer [4, 8, 9]. Further 
improvements enabled several dozen nucleotides to be copied but only for 
unstructured, repetitive templates [5, 10]. Our laboratory entered the fray 
by evolving polymerases that can copy "difficult" templates to yield a 
functional RNA product. Selection of the polymerase was made depend- 
ent on the function of the synthesized product, requiring the synthesis of 
progressively more complex products. Those efforts resulted in the evolu- 
tion of RNA polymerases that are faster, more accurate, and more general 
in copying RNA [6, 11, 12]. 

During the directed evolution process, the RNA enzyme underwent a 
dramatic structural rearrangement of its catalytic core [12]. Through the 
accumulation of 15 mutations within the core, an existing stem element 
became shortened while a new stem element was formed, together creat- 
ing a pseudoknot structure that lies in close proximity to the enzyme's 
active site (Fig. 1). Three important attributes emerged together with this 
structural rearrangement. First, the catalytic rate improved by ~4,000-fold 
compared to the starting enzyme. Second, the polymerase gained the abil- 
ity to copy templates of almost any sequence, including those with struc- 
ture. Third, the polymerase gained the ability to bind the template—primer 
complex through high-affinity tertiary interactions, comparable to those 
seen with modern polymerase proteins. 


Fig. 1. Secondary structure of the RNA polymerase (black), which extends an RNA 
primer (red) on an RNA template (cyan). Over the course of directed evolution, the RNA 


enzyme underwent a tertiary structural rearrangement, whereby an existing stem element 
became shortened while a new stem element was formed, together creating a pseudoknot 
structure. 
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This advanced form of the RNA polymerase can copy more than 100 
nucleotides in 10 minutes and can operate with an accuracy of 92-94% 
per nucleotide [12]. However, the polymerase itself contains 184 nucleo- 
tides and is especially difficult to copy. Furthermore, RNA replication 
requires copying both the template and its complement, which doubles the 
challenge. Thus, further improvement of the catalytic rate, copying accu- 
racy, and sequence generality of the polymerase will be needed to recreate 
the first enzyme of life. 

The accuracy of polymerization is critical for an RNA replicase to be 
able to support the self-sustained evolution of RNA. If the error rate is too 
high, then the copies will be riddled with mutations, exceeding the ability 
of selection to cull deleterious mutations [13]. Deep sequencing was used 
to assess the position-specific frequency of mutations for both partial- and 
full-length extension products on templates ranging from the most favour- 
able to the most difficult. This analysis revealed that when the polymerase 
is pushed to the limits of its activity, the accuracy of synthesis declines 
[6, 12]. For a short, unstructured template of 11 nucleotides, the average 
fidelity is 97% per nucleotide, with the majority of mutations due to GeU 
wobble pairing. Excluding wobble mutations, the fidelity is >99%. For a 
longer, more structured template of 33 nucleotides, the average fidelity 
drops to 92% overall and 96% excluding wobble mutations. For an even 
longer and highly structured template of 77 nucleotides, pushing the limit 
of polymerase activity, the average fidelity is 84% overall and 88% 
excluding wobbles. 

Examination of the partial-length products revealed that fidelity is 
lowest for the last added nucleotide and increases monotonically for posi- 
tions further upstream from the last nucleotide. The longer the polymeri- 
zation reaction is allowed to continue, the greater the overall yield and 
also the lower the fidelity of the full-length products [6]. Taken together, 
these facts indicate that the polymerase stalls after adding a mismatched 
nucleotide but over time can extend past the mismatch to incorporate the 
mutation within full-length products. It will not be sufficient to evolve a 
faster polymerase unless the polymerase also evolves either a lower fre- 
quency of mismatched NTP addition or a reduced propensity to extend 
mismatched termini. 
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We are continuing the directed evolution process to develop ever more 
capable forms of the polymerase, focusing especially on improving the 
fidelity of template copying. The polymerase now has sufficiently high 
activity that it can synthesize its own evolutionary ancestor, an RNA-joining 
enzyme that contains 97 nucleotides. By challenging the evolving popula- 
tion of polymerases to synthesize a functional copy of its ancestor, we are 
placing unprecedented selection pressure on improving polymerase fidelity 
because about half of the nucleotides within the synthesized product cannot 
be mutated without loss of activity [14]. Furthermore, the RNA being syn- 
thesized has the same catalytic domain as the polymerase itself, thus train- 
ing the polymerase to synthesize an RNA of similar composition. 

As a result of the most recent rounds of directed evolution, the fidelity 
of polymerization has improved from 84% to 89% for the synthesis of the 
97-nucleotide functional product. This is the first time that the ability to 
synthesize longer products has been accompanied by improved fidelity. We 
appear to have entered the long-anticipated virtuous cycle, where the abil- 
ity to synthesize longer products enables us to impose selective pressure to 
drive further improvement of fidelity due to the greater number of immu- 
table nucleotides within those longer products. In turn, every improvement 
in fidelity enables the synthesis of ever longer functional products. 


The threshold of heritable information 


The propagation of heritable information requires both efficient and accu- 
rate copying of that information. It has long been recognized that there is 
an "error threshold" based on the relative advantage of a selectively 
advantageous individual compared to the population as a whole, taking 
into account the probability of producing error-free copies [13]. For the 
copying of RNA genomes, there is an inverse relationship between the 
per-nucleotide fidelity of polymerization and the maximum length of 
RNA that can be maintained through successive rounds of replication. For 
the RNA polymerase we have been studying, an average fidelity of 29896 
will be needed to achieve self-sustained Darwinian evolution. The greater 
the efficiency and fidelity of the polymerase, the more readily it can be 
evolved towards further improvements in efficiency and fidelity because 
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one can then impose greater selection pressure to drive those improve- 
ments. This bootstrapping process is analogous to what is thought to have 
driven the evolution of more complex genomes during the early history of 
life on Barth [6, 15]. 

The genomes of RNA viruses typically contain 10—10* nucleotides, 
and the error rate of the corresponding viral RNA polymerase proteins 
that copy those genomes is in the range of 107-10 [16]. Some RNA 
viruses, such as HIV-1 and poliovirus, operate very close to the error 
threshold, which facilitates their rapid evolutionary adaptation but also 
places them close to overstepping the error threshold and no longer able 
to maintain heritable information. 

Considerable effort has been devoted towards pushing RNA viruses 
over the error threshold by exposing them to mutagens, an approach that 
has been termed "lethal mutagenesis" [17]. This effect must be distin- 
guished from the way in which a mutagen can reduce copying efficiency. 
Lethal mutagenesis is the result of a cascade of copying errors that cannot 
be balanced by selection [18]. For example, the purine analogue ribavirin, 
in addition to inhibiting viral replication, exerts an antiviral effect through 
enhanced mutagenesis [19]. A more contemporary example is the cytidine 
analogue molnupiravir, which has been approved for the treatment of 
patients with symptomatic SARS-CoV-2 infection [20]. This compound 
promotes G-to-A mutations and is resistant to the proofreading exonucle- 
ase encoded by the virus [21]. 

Both self-replicating RNA enzymes and RNA viruses lie close to the 
edge of life. Both are able to maintain heritable genetic information and 
undergo Darwinian evolution. However, both lie precariously close to the 
error threshold, beyond which it is no longer possible to maintain that 
genomic information. In addition to being interesting in their own right, 
these systems serve as simplified models to study the fundamental pro- 
cesses of Darwinian evolution. These processes provide the basis for all 
known life, from the time of its origins and throughout its natural history. 


Acknowledgements 


This work was supported by grant NSSC22K0973 from NASA and grant 
287624 from the Simons Foundation. 


RNA Replication and the Origins of Life 439 


References 


[1] 
[2] 
[3] 
[4] 
[5] 


[6 


— 


[7] 

[8] 

[9] 
[10] 
[11] 
[12] 
[13] 
[14] 
[15] 
[16] 
[17] 


[18] 
[19] 


[20] 


[21] 


C. Woese, The Genetic Code, Harper & Row, New York (1967), 
pp. 179-195. 

F. H. C. Crick, J. Mol. Biol. 38, 367 (1968). 

L. E. Orgel, J. Mol. Biol. 38, 381 (1968). 

W. K. Johnston, P. J. Unrau, M. S. Lawrence, M. E. Glasner, and D. P. 
Bartel, Science 292, 1319 (2001). 

A. Wochner, J. Attwater, A. Coulson, and P. Holliger, Science 332, 209 
(2011). 

K. F. Tjhung, M. N. Shokhirev, D. P. Horning, and G. F. Joyce, Proc. Natl. 
Acad. Sci. USA 117, 2906 (2020). 

D. R. Mills, R. L. Peterson, and S. Spiegelman, Proc. Natl. Acad. Sci. USA 
58, 217 (1967). 

K. E. McGinness and G. F. Joyce, Chem. Biol. 9, 585 (2002). 

H. S. Zaher and P. J. Unrau, RNA 13, 1017 (2007). 

J. Attwater, A. Wochner, and P. Holliger, Nat. Chem. 5, 1011 (2013). 

D. P. Horning and G. F. Joyce, Proc. Natl. Acad. Sci. USA 113, 9786 (2016). 
X. Portillo, Y.-T. Huang, R. R. Breaker, D. P. Horning, and G. F. Joyce, 
eLife 10, e71557 (2021). 

M. Eigen, Naturwiss. 58, 465 (1971). 

E. H. Ekland and D. P. Bartel, Nucleic Acids Res. 23, 3231 (1995). 

G. F. Joyce and J. W. Szostak, Cold Spring Harb. Perspect. Biol. 10, 
23034801 (2018). 

E. C. Holmes, The Evolution of RNA Viruses, Oxford University Press, New 
York (2009). 

L. A. Loeb, J. M. Essigmann, F. Kazazi, J. Zhang, K. D. Rose, and J. I. 
Mullins, Proc. Natl. Acad. Sci. USA 96, 1492 (1999). 

J. Summers and S. Litwin, J. Virol. 80, 20 (2006). 

S. Crotty, C. E. Cameron, and R. Andino, Proc. Natl. Acad. Sci. USA 98, 
6895 (2001). 

A. J. Bernal, M. M. Gomes da Silva, D. B. Musungaie, E. Kovalchuk, 
A. Gonzalez, et al., N. Engl. J. Med. 386, 509 (2022). 

C. J. Gordon, E. P. Tchesnokov, R. F. Schinazi, and M. Gótte, J. Biol. Chem. 
297, 100770 (2021). 


This page intentionally left blank 


© 2024 The Solvay Institutes 
https://doi.org/10.1142/9789811282324 0041 


Systems Chemistry Assembly 
of RNA and Peptides 


John Sutherland 


MRC Laboratory of Molecular Biology, 
Francis Crick Avenue, Cambridge CB2 0QH, UK 


Introduction 


The discovery that nucleotides and amino acids can both be made by cya- 
nosulfidic chemistry [1] suggests that the assembly of these building 
blocks into higher-order structures should be carried out in mixtures if we 
want to simulate how biomolecules could have come into being on early 
Earth. Following this logic, we have discovered RNA aminoacylation 
chemistry that could have led to the emergence of translation. 


My view of the present state of research on 
prebiotic RNA chemistry 


I think that RNA should not be viewed in isolation but as part of a double 
act with peptides. This is because nucleotides and amino acids are most 
plausibly made prebiotically by cyanosulfidic chemistry and because the 
roles of RNA and proteins in extant biology are so intertwined. I think the 
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genetic code and translation are rooted in an early phase of synergistic 
macromolecular assembly from nucleotides and amino acids. 


My recent research contributions to prebiotic 
RNA chemistry 


We have focused on two aspects of RNA chemistry recently. First, we 
have connected the cyanosulfidic chemistry synthesis of nucleotides [2] to 
a very specific geochemical scenario on early Earth (Fig. 1). 

Second, we have discovered that the selectivity of aminoacylation of 
tRNA acceptor stem-overhang mimics by interstrand aminoacyl-transfer 
[3] is dependent on the sequence of the terminal three base pairs of the 
stem (Fig. 2). This discovery suggests how tRNAs could have been selec- 
tively aminoacylated as a prelude to the development of translation 
according to the genetic code. 


Outlook to future developments of research 
on prebiotic RNA chemistry 


I think that clues from experimental chemistry will allow us to describe an 
ever more detailed geochemical scenario that drove multi-step organic 
synthesis of building blocks destined to become biological on early Earth. 
I further think that translation and the synthesis of loosely coded peptides 
comprising about half the canonical amino acids must have been a very 
early process. Recapitulation in the laboratory should one day allow us 
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Fig. 1. Setting the stage for cyanosulfidic synthesis of nucleotides and amino acids. The 
chemistry would play out during and after sporadic flow of groundwater. 
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Fig. 2. Interstrand aminoacyl transfer in an RNA acceptor stem-overhang mimic. 


to create living systems from feedstock molecules, such as hydrogen 
cyanide, hydrogen sulfide, cyanoacetylene, and inorganic phosphate. 
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Current status of research on the origin of life 


How, given an appropriate geophysical environment, inputs of energy and 
prebiotically synthesized chemicals, did life actually begin? Progress in 
understanding the conversion of simple starting materials such as cyanide 
into the chemical building blocks of biology has been summarized in the 
accompanying article by John Sutherland. Here I focus on our efforts to 
understand how those prebiotically available chemicals spontaneously 
assembled into the first primitive cells, commonly referred to as proto- 
cells. Since the beginning of biology corresponds to the beginning of 
Darwinian evolution, those protocells must have contained a genetic poly- 
mer capable of encoding advantageous functions in its sequence. 
Moreover, the chemistry of the cell and its environment must have been 
sufficient to drive the replication of this material, which would have gen- 
erated the variation that is the substrate for evolution. In addition, this 
genetic material must have been segregated into spatially localized units 
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so that any advantage provided by a particular sequence could accrue to 
itself and not to other unrelated sequences. 

It has become clear in recent years that the most likely primordial 
genetic material was in fact something very much like modern RNA. This 
conclusion was by no means obvious even a few years ago. Going back 
somewhat further, Jerry Joyce and the late Leslie Orgel concluded, on the 
basis of difficulties encountered in explaining the prebiotic synthesis of 
ribonucleotides and the non-enzymatic copying of RNA sequences, that 
RNA might have been preceded by some simpler ancestral genetic 
polymer. This outlook sparked a remarkable outburst of creative chemis- 
try in the form of a search for alternative genetic polymers that might have 
been easier to synthesize and/or replicate than RNA. The highlight of this 
approach was the tour de force synthesis by Eschenmoser of diverse fami- 
lies of nucleic acids all capable of self-association into antiparallel 
Watson-Crick base-paired duplexes. Given the many seemingly plausible 
alternatives to RNA, the question arose as to why, in the end, did life settle 
on RNA and not something else. 


Our recent contributions 


Much of our recent work has focused on obtaining a mechanistic under- 
standing of the chemistry of non-enzymatic template-directed RNA copy- 
ing. Somewhat surprisingly, our efforts in this regard have led not only to 
a framework for the chemical copying of arbitrary RNA sequences and a 
model for replication but also to a potential explanation for why RNA won 
out over all potential competitors. We started by addressing some of the 
peculiar aspects of the kinetics of template-directed primer extension that 
had first been noted by Orgel. The most puzzling of these observations 
was the very slow rate of primer extension when only a single activated 
monomer can bind next to the primer, and the dramatic acceleration of the 
reaction when a second activated monomer binds downstream of the first 
monomer [1]. This catalytic effect had been unexplained for some 25 
years until it was rediscovered by Noam Prywes in my lab [2] and then 
explained by Travis Walton [3] as the consequence of the generation of a 
highly reactive covalent intermediate which forms by the reaction of two 
activated monomers with each other. A series of structural studies led by 
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Wen Zhang in my lab culminated in the observation by time-resolved 
crystallography of all steps in the primer extension reaction, from mono- 
mer binding to intermediate formation to the formation of a new phospho- 
diester bond [4]. Subsequent studies showed that primer extension via 
reaction with imidazolium-bridged dinucleotides was both faster and of 
higher fidelity than reaction with activated monomers [5]. Our most recent 
studies have shown that monomers bridged to short oligonucleotides lead 
to even faster reactions and, importantly, allow all four canonical nucleo- 
tides to be copied and incorporated at similar rates. We now believe that 
the formation of imidazolium-bridged intermediates is the key to the effi- 
cient and accurate non-enzymatic copying of RNA templates. 

While the above mechanistic insights provide a potential explanation 
for how primordial RNA sequences could have been copied prior to the 
evolution of polymerase ribozymes, we still have to ask why RNA and not 
some other genetic polymer. To address this question, we have begun to 
evaluate the copying kinetics of alternative genetic polymers. The two that 
we have studied in most detail are arabino- and threo-nucleic acids since 
the corresponding mononucleotides are likely to form during the synthesis 
of ribonucleotides. We see that threo-nucleotides exhibit a slower forma- 
tion of the bridged intermediate, while both threo- and arabino-nucleotide 
bridged intermediates exhibit slower primer extension. Furthermore, once 
a threo- or arabino-nucleotide is added to a primer, subsequent extension 
is also slower. In contrast, non-canonical nucleotides in the template can 
be copied over by primer extension with ribonucleotides with only mod- 
estly reduced rates. Other aspects of template heterogeneity such as 2-5" 
linkages and pyrophosphate linkages can also be copied over to generate 
a canonical RNA product. Based on these experiments, it appears that 
RNA is intrinsically better able to take part in non-enzymatic copying 
chemistry, and thus over repeated rounds of copying chemistry would 
have won out over competing nucleic acids. At this time, it appears that 
potential alternatives to ribonucleotides are either harder to make, more 
susceptible to degradation, or less able to take part in copying chemistry, 
leading to potential alternatives to RNA being filtered out at one or more 
stages. 

Returning to the subject of non-enzymatic RNA replication, there 
are several problems that make replication more difficult than simple 
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template copying. In a prebiotic situation, there is no way to supply the 
defined primers needed for the replication of a linear genome, while the 
replication of a circular genome would encounter severe topological dif- 
ficulties. To overcome these and other issues, we have proposed a model 
for primordial RNA replication that we call the virtual circular genome or 
VCG model [6]. In this model, a circular genomic sequence is represented 
by a collection of oligonucleotides that map to a circular sequence, but no 
actual circular molecules need to exist. Replication is then driven in a 
distributed manner by oligonucleotide elongation by primer extension, 
with longer oligos acting as templates and shorter oligos acting as 
primers, downstream helpers, and invaders for catalysis of strand dis- 
placement. We are actively engaged in experimental tests of this model. 

At this point, we can see at least the outlines of an overall prebiotic, 
non-enzymatic process leading to the synthesis and replication of a pri- 
mordial RNA genome. But a protocell is not just replicating RNA — that 
RNA must be encapsulated within a replicating compartment boundary. 
By analogy with modern cells, that boundary is likely to be a bilayer lipid 
membrane. However, primordial cell membranes must have been quite 
different than modern cellular membranes. Critically, they must allow the 
passive transfer of nutrients such as nucleotides from the external environ- 
ment to the cell interior; in addition, they must be able to grow and divide 
solely in response to the chemistry and physics of the environment. 

For 20 years now, we have studied the properties of vesicles assem- 
bled from simple fatty acids, ranging from oleic acid/oleate as a conveni- 
ent model system to decanoic acid/decanoate as a more prebiotically 
plausible system. Such vesicles are permeable to activated nucleotides and 
even to di- and tri-nucleotides so that in principle RNA replication could 
take place internally but be fed from an external source of material. 
Vesicle growth can be driven by the addition of alkaline micelles to vesi- 
cles in a solution at lower pH. Ting Zhu in my lab showed that fast growth 
transforms initially spherical multilamellar vesicles into filamentous vesi- 
cles that are easily broken apart by mild shear forces into smaller daughter 
vesicles [7]. Subsequent slow growth allows the daughter vesicles to 
increase in size so that the cycle can repeat. Thus, a fluctuating environ- 
mental supply of fatty acids can drive repeated cycles of growth and 
division. More recently, Anna Wang found conditions that lead to the 
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spontaneous assembly of fatty acids into giant unilamellar vesicles. Fast 
addition of alkaline micelles again leads to a rapid increase in surface 
area, after which shape fluctuations lead to spontaneous division [8]. 

An alternative pathway for vesicle growth involves competition 
between vesicles. Irene Chen initially showed that osmotically swollen 
vesicles grow following an influx of iso-osmotic vesicles because the 
tense membrane of the swollen vesicles can relax by absorbing fatty acid 
molecules from the empty vesicles [9]. This pathway relies upon the 
dynamic behaviour of single-chain amphiphiles, which exchange rapidly 
between vesicles. Subsequently, Itay Budin showed that fatty acid vesicles 
that contained a fraction of two chain lipids could also grow by absorbing 
fatty acids from pure fatty acid vesicles, with growth into filamentous 
forms again leading to facile division [10]. However, in this case, the 
daughter vesicles do not have the same composition as the parental vesi- 
cles, so continued cycles would require in situ synthesis of two-chain 
lipids. Another route to competitive growth was found by Kate Adamala, 
who showed that the internal synthesis of a hydrophobic peptide could 
drive the competitive growth of fatty acid vesicles [11]. In this case, con- 
tinued cycles of growth and division would require the replication of an 
internal catalyst of peptide synthesis, presumably a ribozyme. Overall, 
fatty acid vesicles seem like ideal models for protocell membranes. 

There is, however, a big problem: the high concentrations of Mg" that 
are required for RNA copying chemistry rapidly disrupt and destroy fatty 
acid membranes. Finding solutions to this mutual incompatibility is criti- 
cal to the field and is increasingly the focus of our attention. The first 
partial solution to this problem was identified by Kate Adamala, who 
showed that chelation of Mg” by citrate allowed RNA copying to proceed 
while protecting membranes. This allowed RNA synthesis to occur within 
model protocells [12], but unfortunately, the model of growth following 
the addition of alkaline micelles was no longer effective. We are currently 
investigating the potential for competitive growth in the presence of Mg^"- 
citrate, which could provide a solution to the compatibility problem noted 
above. However, such a solution would not be prebiotically realistic, and 
so our search for other solutions to this problem continues. 

Our work with mixed fatty acid-phospholipid vesicles points to a 
potential solution, with interesting consequences. Such vesicles are stable 
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in the presence of moderate levels of Mg”, and in the presence of even 
higher levels of Mg™”-citrate, they exhibit enhanced permeability to acti- 
vated nucleotides, which allows RNA template copying chemistry to 
proceed well internally. We know they can grow by absorbing fatty acids 
from fatty acid vesicles, but in order to maintain a constant membrane 
composition, we would need a non-enzymatic pathway by which fatty 
acids could be transformed into phospholipids. An interesting possibility 
is that the same chemistry that activates phosphates for RNA synthesis 
could also activate carboxylates for esterification and phospholipid syn- 
thesis [13]. Another attractive possibility involves vesicle membranes that 
contain single-chain cyclophospholipids, which also confer tolerance to 
Mg” and which would be easier to synthesize from fatty acids. An impor- 
tant direction for future research is therefore to explore synthetic path- 
ways that would allow the maintenance of a steady-state membrane 
composition during multiple cycles of vesicle growth and division. 


Outlook for the future 


In summary, the twin goals of non-enzymatic RNA replication and sus- 
tained vesicle growth and division are in sight, and I expect to see experi- 
mental demonstrations of these key processes in the near future. The 
integration of these two processes remains challenging, but several 
approaches to solving the compatibility problem are under investigation, 
and I am optimistic that one or more solutions to this problem will become 
apparent in the coming years. At that stage, a fully functional protocell 
system will open the doors to new modes of evolutionary exploration as 
we see how adaptation to a range of physical and chemical environments 
occurs in a reconstituted laboratory-scale version of the RNA world. 
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Introduction 


Nearly all classes of coding and non-coding RNAs undergo post- 
transcriptional modification, and methylated nucleotides belong to the 
evolutionary conserved features of RNA. Recent studies revealed a 
dynamic RNA modification landscape in mRNA and hint at important 
roles of methylated RNA in regulating cellular functions [1]. Synthetic 
RNA modifications, including methylated nucleotides, are also important 
for emerging RNA-based medicine. For example, the modified nucleoside 
1-methylpseudouridine (m'Y) increased the effectiveness of COVID-19 
mRNA vaccines [2], and 2'-O-methyl or 2’-O-methoxyethyl nucleotides 
are key components of therapeutic antisense oligonucleotides [3], while 
other modified nucleotides interfere with viral replication by preventing 
efficient translocation or introducing massive copying errors, as recently 
shown for SARS-CoV-2 RNA polymerase and the repurposed antiviral 
nucleosides prodrugs remdesivir [4] and molnupiravir [5]. 


This is an open access article published by World Scientific Publishing Company. It is distributed 
under the terms of the Creative Commons Attribution-NonCommercial 4.0 (CC BY-NC) License. 


453 


454 C. Hóbartner 


In an era before modern life emerged, RNA was thought to function 
both as a genetic material and as a catalyst. In vitro directed molecular 
evolution experiments discovered ribozymes that function as RNA- 
dependent RNA polymerases and can copy themselves or their ancestors 
[6, 7]. RNA may have had additional catalytic roles during evolution, and 
nucleotide-containing co-factors used by contemporary metabolic 
enzymes may constitute molecular remnants of ancient ribozymes [8, 9]. 
The discovery of riboswitches as regulatory RNA elements that bind 
small molecules including various co-enzymes [10] nourished the 
thoughts of more widespread catalytic competences of RNA [11, 12]. 
Indeed, in vitro selection endeavours have revealed aptamers and 
ribozymes that bind and utilize nucleotide co-factors, including redox co- 
factors and acetyl co-enzyme A [13, 14]. 

Besides nucleotide-derived cofactors, the involvement of modified 
nucleosides in RNA catalysis is interesting to consider. Spontaneous 
nucleobase or ribose modification/methylation may have occurred in reac- 
tive environments and the presence of non-canonical nucleotides in RNA 
could benefit or burden the evolution of RNA catalysts. Methylation of 
nucleic acids is a widespread modification found in all domains of life, 
and most methyl groups are installed by methyltransferase enzymes that 
use S-adenosyl-methionine (SAM) as the methyl donor. Methylated 
nucleosides and methyl group transfer reactions may have even occurred 
on the primitive Earth [15]. Directed molecular evolution of methyltrans- 
ferase ribozymes that catalyse the installation or selective removal of 
methyl groups from RNA nucleotides may shed light on the potential 
catalytic abilities of primordial ribozymes and could reveal distinctive 
properties of now universally conserved methylated nucleotides in tRNA 
and rRNA. 


Ribozymes that install RNA modifications 


Earlier experimental attempts to address the question of whether RNA 
can catalyse site-specific RNA methylation using SAM resulted in the 
enrichment of co-factor-binding aptamers without methyltransferase 
activity [16]. /n vitro selection by enrichment for catalytic activity 
identified self-alkylating ribozymes using reactive iodo- or 
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chloroacetyl derivatives [17—19], and later electrophilic epoxides [20] 
resulted in N’-alkylation of guanine with the RNA. Based on the design 
of these experiments, these ribozymes could not be used as methyl- 
transferases. The required methyl halogenides would be too reactive 
reagents, and epoxides would transfer at least two carbon atoms to the 
guanine. Searching for alternatives, we hypothesized that a methyl- 
transferase ribozyme should use a co-factor that makes specific non- 
covalent contacts to the RNA, including H-bonding, z-stacking, and 
others. Our selection strategy was designed for the ribozyme to form a 
binding site for the “leaving group”, and we chose O°-methylguanine 
(m^G) as a potential methyl group donor. Transfer of the methyl group 
from m°G to the target RNA would result in the release of guanine. 
Guanine is well established as an RNA ligand in natural riboswitches 
and in vitro selected aptamers [21]. A possible evolutionary relation- 
ship between ribozymes and riboswitches has previously been dis- 
cussed [11, 12]; metabolite-binding riboswitches may resemble 
inactivated ribozymes that lost their catalytic activity during evolution 
from the RNA world. 

Following the hypothesis outlined above, we have discovered the first 
methyltransferase ribozyme (MTR1). This ribozyme catalyses a site- 
specific intermolecular methyl transfer to install 1-methyladenosine 
(m'A) at a defined position in a target RNA by utilizing O^-methylguanine 
as the methyl group donor [22]. We showed that the ribozyme can be 
engineered to methylate natural RNA sequences, including tRNAs, which 
contain m'A at conserved positions. The ribozyme showed accelerated 
transfer rates at pH 6 and could be split into two fragments that assemble 
on the target RNA into a functional ribozyme. We solved the crystal struc- 
ture of MTRI and investigated the mechanism of RNA-catalysed methyl 
transfer [23]. The structure revealed the products of the reaction, i.e., the 
post-catalytic state, with m'A and the free guanine bound in close proxim- 
ity in the active site. The ligand is fully contacted by hydrogen bonds with 
the RNA, and the base pairing pattern is highly reminiscent of guanine 
binding observed in natural guanine riboswitches [24]. 

The MTRI ribozyme utilizes general acid catalysis to enable the 
methyl group transfer. Structure probing in solution as well as activity 
assays of structure-guided mutants provided strong support for the 
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mechanism, in which a protonated cytidine is involved in binding and 
activation of the co-factor. The mechanistic analyses revealed two key 
nucleotides that act in concert to accelerate the methylation reaction. We 
found a synergistic effect of two methylated ribose residues (at C12 and 
U42), which enhanced the reaction rates by at least 120-fold over the rates 
obtained with unmodified RNA under in vitro selection conditions. This 
finding supports the speculation that modified nucleotides may have 
enhanced early RNA catalysis. 

In analogy to MTR1, it seems feasible to evolve additional methyl- 
transferase ribozymes and explore potential preferences for the generation 
of various methylated nucleotides in RNA-catalysed reactions. It may also 
be rewarding to perform in vitro evolution experiments starting from 
native RNAs (riboswitches) that are already known to bind methyltrans- 
ferase co-factors or derivatives thereof, such as SAM, cobalamine, or 
tetrahydrofolate. Indeed, in 2021, two additional RNA-catalysed RNA 
methylation reactions were described. Micura and co-workers demon- 
strated that a natural preQ, riboswitch RNA can bind the synthetic 
co-factor m/preQ, and mediate the transfer of the methyl group to a 
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Fig. 1. The methyltransferase ribozyme MTRI catalyses site-specific RNA methylation 
using m°G to install m'A in RNA. The architecture of the active site is reminiscent of natu- 
ral purine riboswitches. The catalytic mechanism involves a protonated cytidine. 2’-OMe 
nucleotides in the active site synergistically accelerate methyl transfer. 
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cytidine in the binding site, thus generating 3-methylcytidine (m^C) [25]. 
Murchie and co-workers found a ribozyme that uses SAM and Cu” to 
generate 7-methylguanosine (m'G) in the ligand-binding site [26]. The 
active sequence identified by in vitro selection in the laboratory was then 
also found in genomic sequences from all domains of life, suggesting that 
it may have ancient origins. Recently, we found another SAM-utilizing 
ribozyme that alkylates the minor groove side of adenosine [27] and we 
expect that more RNA-modifying ribozymes will be discovered in the 
future. 


Perspectives for the future 


More than 70 different methylated nucleosides are known in natural RNA, 
and it is an open question which fraction of methylation sites can be 
accessible by RNA-catalysed RNA methylation. While some N- and 
O-alkylation sites seem more easily addressed than others, the whole fam- 
ily of C5-methylated pyrimidine nucleosides requires more sophisticated 
reaction mechanisms and likely additional co-factors. Nevertheless, the 
recent advances in the field of methyltransferase ribozymes and the 
insights into catalytic mechanisms beyond RNA-catalysed phosphotrans- 
fer reactions suggest that other co-factor-utilizing ribozymes may be 
found in the laboratory and possibly in natural RNAs to catalyse more 
diverse reactions than currently known. The added benefit of modified 
nucleotides shaping the active sites of ribozymes is worthy of further 
exploration. This may lead to the first XNAzymes catalysing reactions 
other than cleavage or ligation of RNA. The key challenges for finding 
new ribozymes by directed molecular in vitro evolution experiments lay 
in the design of the selection strategies for enrichment and amplification. 
Novel high-throughput analyses of ribozyme activities directly from 
sequencing data may accelerate the discovery rate. A bold speculation on 
possible co-factor-assisted RNA-catalysed reactions could address radical 
reactions, for example, to explore the potential transition from RNA to 
DNA, which would require cleavage of a carbon-oxygen bond, mimick- 
ing the enzymatic activity of ribonucleotide reductase in nature or Barton- 
McCombie deoxygenation in the organic chemistry laboratory. In another 
direction, we are looking for RNA-catalysed site-specific nucleobase 
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deamination, akin to enzymatic RNA editing that converts adenosine 
to inosine. Fundamental studies in these and other directions will continue 
to explore the potential of ribozymes in shaping early RNA-based life and 
its evolution. In addition, the development of nucleic acid catalysts as 
research tools in RNA biology and as potential future RNA-based thera- 
peutics is an exciting and challenging research line ahead. 
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Virus: “A piece of bad news wrapped up in a protein" 
Sir Peter Medawar 


Introduction 


That viruses are different from bacteria has been known for about one 
hundred years. That some viruses contain DNA and some RNA as their 
genetic material has become clear only in the second half of the 20th cen- 
tury. With this biological knowledge, we became aware that some of the 
worst infectious diseases in humans are caused by viruses. Smallpox, 
caused by a DNA virus, is high on the list of harmful diseases to humans; 
it was responsible for untold number of deaths for centuries. But also 
among RNA viruses, there are major disease-causing pathogens, espe- 
cially those associated with pandemic, global epidemics. 

Fortunately, vaccines against viruses have been successfully devel- 
oped. In fact, several RNA viruses have been eliminated by vaccination or 
close to. New platforms for the development of vaccines have dramati- 
cally improved the health in many countries globally. But much remains 
to be done to provide vaccines and vaccinations to those who need them. 
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Pandemic influenza and pandemic corona viruses 


In the last 100 years, members of the influenza virus family have caused 
four pandemics. The 1918/1919 pandemic influenza virus is estimated to 
have been responsible for the deaths of up to 100 million people (Fig. 1). 
While the more recent influenza viruses (pandemic and epidemic) have 
been less virulent than the one of 100 years ago, we are concerned about 
the emergence of new pandemic influenza virus strains, which arise from 
“genetic mixing” of human and animal influenza strains [1]. My labora- 
tory was involved in the reconstruction of the pandemic 1918 influenza 
virus using a technology, reverse genetics, developed at Mount Sinai 
[2—4]. We were able to identify what made the 1918 virus so virulent and 
we showed that presently available antivirals and influenza vaccines are 
highly effective against that early pandemic strain. 

Vaccines against influenza were developed as far back as the 1940s, 
barely ten years after the discovery of the virus. The early vaccines con- 
sisted of whole virus treated with chemicals to make them non-infectious. 
This inactivated material was then injected to induce a protective immune 
response in the patient. Though not perfect, these vaccines have lowered 
the number of deaths and hospitalizations, and they have shown to reduce 
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Fig. 1. The 1918 influenza pandemic caused a reduction in average life expectancy of 11 
years. 
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the severity of disease in patients who were immunized but became ill. 
More recently, live attenuated influenza virus vaccines and synthetic pro- 
tein vaccines have been introduced to better protect children and the 
elderly, respectively. 

Unfortunately, influenza viruses come in different flavours defined by 
the major surface glycoproteins of the virus, the hemagglutinins. We now 
know of 18 such subtypes of viruses infecting different species, but we 
have only seen three of these flavours in humans: H1, H2, and H3 (Fig. 2). 
Each time a virus with a new subtype emerges in humans, we experience 
a pandemic. In addition to pandemic changes, the virus also undergoes 
annual variations which force the annual reformulation of the vaccines 
and annual influenza virus (re)-vaccinations. Many efforts are underway 
to develop a universal influenza virus vaccine which does not have to be 
administered annually and would last for 1—20 years or even longer. The 
same technology, reverse genetics, which allowed us to resurrect the 1918 
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Fig. 2. Left. Dendrogram of the 18 hemagglutinin subtypes of influenza viruses. Red 
asterisks identify the human H1, H2, H3, and B hemagglutinins. Blue asterisks highlight 
avian hemagglutinins of viruses having been observed to infect humans. Bar (0.07) identi- 
fies 7% amino acid differences. Right. Dendrogram of the S spike proteins of the alpha, 
beta, gamma, and delta corona viruses. Blue asterisks identify S spike proteins of corona- 
viruses isolated from humans. Bar (0.07) identifies 7% amino acid differences. 
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virus is now used to develop better influenza virus vaccines for humans as 
well as for animals. We take advantage of having identified a conserved 
region in the stalk of the viral hemagglutinin. A vaccine that directs the 
human immune response towards this conserved domain in the hemag- 
glutinin is presently in phase 1/2 trials (Fig. 3). In terms of improving 
veterinary vaccines against avian respiratory pathogens, we again use 
reverse genetics [5]. Several of these veterinary vaccines have been 
commercialized. 

Highly surprising was the emergence of SARS-CoV-2 at the end of 
2019. This RNA-containing virus is also a respiratory pathogen and it has 
been declared by the WHO a pandemic virus on March 11, 2020. Like the 
influenza virus in 1918/1919, SARS-CoV-2 has also contributed to a loss 
of average life expectancy. In the last two years, 2020 and 2021, the 
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Fig.3. Vaccination with influenza viruses expressing chimeric hemagglutinins to boost 
preexisting antibody responses against the conserved hemagglutinin stalk (red) domain. 
The head domains (light orange) of the chimeric hemagglutinins (cH8/1) and (cH5/1) are 
silenced. By sequential vaccination with vaccine strains expressing different heads, but the 
same hemagglutinin stalk domain (red), the immune system preferentially targets the 
epitopes that remain constant (red). The neuraminidase is also conserved (purple) and 
induces protective immune responses [6, 7]. 
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average life expectancy in the US dropped by 1.9 and 0.9 years, respec- 
tively. The impact on lives and economies has seriously affected people in 
the US (Fig. 5) and around the world. Like influenza virus, SARS-CoV-2 
comes in different flavours with respect to its spike surface proteins. The 
genetic (antigenic) diversity of SARS-CoV-2 is even broader than that of 
influenza viruses (Fig. 2). Major efforts have been directed towards the 
development of protective vaccines and they were effective beyond all 
expectations. Foremost are the mRNA platforms which use lipid nanopar- 
ticles (LNP) to engulf mRNA molecules (Fig. 4) [8]. 

Extraordinary development work was done with “warp” speed and the 
resulting vaccines have saved millions of lives. The LNP platform is a real 
game changer which cannot be under-appreciated. The mRNA vaccines 
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Fig. 4. Each dot represents one death in the US caused by SARS-CoV-2 (January 2020- 
May 13, 2022). 
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LIPID NANOPARTICLE (LNP) 


Fig. 5. LNP encapsulated mRNA expressing the S Protein of SARS-CoV-2. 


are wonderfully effective and are extraordinarily safe. In addition to the 
LNP-mRNA platform, COVID-19 vaccines have been produced based on 
viral vectors or by employing conventional methodologies, such as inac- 
tivated whole virus preparations. Extensive trials have shown that many of 
these vaccines are effective and protective against SARS-CoV-2. 

While the success of COVID-19 vaccines has been exceptional, 
breakthrough infections after (multiple) vaccinations continue to be a 
problem; also, present vaccines do not efficiently prevent transmission 
from one patient to the other. Our efforts at Mount Sinai are directed to 
develop a viral vector-based vaccine, which can induce mucosal immune 
responses in the respiratory tract (Fig. 6). Such a vaccine should further 
reduce infections in vaccinated patients and it should minimize transmis- 
sion of the virus [9-11]. As the S spike protein of a corona virus defines 
its antigenicity, it is the extraordinary variation of the viral surface protein, 
which makes it likely that novel pandemic SARS-CoV will emerge in the 
future. Since corona viruses are also zoonotic (can jump from animals to 
humans) like influenza viruses, the emergence of four influenza pandem- 
ics over the last 100 years may foretell additional catastrophes caused by 
corona viruses. 
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Overview of the New Castle Disease Virus (NDV)-based SARS-CoV-2 
vaccine 
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Fig. 6. NDV-based SARS-CoV-2 vaccine which is cheaply produced in embryonated 
eggs (like the influenza virus vaccine). Also, when given intranasally, it induces mucosal 
immunity preventing reinfection with the virus and reduces transmission from person to 
person [9-11]. 


Poliomyelitis, measles, mumps, rubella, hepatitis A, 
and rotavirus vaccines 


Classical vaccine development and manufacturing have been extremely 
successful following in the footsteps of the Salk (killed poliomyelitis vac- 
cine) and Sabin (live attenuated poliomyelitis vaccine) platforms. In fact, 
six diseases (poliomyelitis, measles, mumps, rubella, hepatitis A, and 
rotavirus gastroenteritis) have seen a dramatic decrease in high-income 
countries because of the development of these vaccines. In some instances 
(poliomyelitis, measles, mumps, and rubella), the diseases have mostly 
disappeared in the US. Figure 7 shows the success of the eradication of 
poliomyelitis as a result of vaccinations in all the states. 


The future: Pandemic RNA viruses and vaccines 


Influenza and corona viruses have been the two virus families which have 
caused pandemics in the last 100 years. Both families are characterized by 
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coding for viruses which have on their surface highly variable glycopro- 
teins. Such variable strains are circulating in many different animal spe- 
cies and occasionally they jump into humans. These events are 
unpredictable but are likely to occur in the future as more humans on the 
globe are interacting with more animals. To prepare for such eventualities 
(or rather certainties), we need increased surveillance in humans as well 
as in animals for novel pathogens. If history is any guide, RNA viruses 
which are transmitted via the respiratory tract are high on the list of these 
threats. In addition, we need novel methods of pathogen detection and of 
diagnostic tests and overall substantial resources to do molecular research 
on host-pathogen interactions. Only the continued advances in molecular 
biology, immunology, broadly basic research, and big data analysis 
(including artificial intelligence) will prepare us against future pandemics. 
The development of LNP-RNA was a major accomplishment and has 
made all the difference with this most recent pandemic virus, but it is not 
a panacea. It is unlikely that this platform (with our present knowledge) 
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will help develop an effective HIV/AIDS or hepatitis C virus vaccine. We 
need certainly more highly visionary research in order to develop new and 
improved vaccines against present strains and future outbreaks of patho- 
gens which have acquired resistance to present medical interventions. In 
order to overcome these new challenges brought about by global warm- 
ing, increases in the world population, bio-safety risks, and disturbances 
in the natural habitat of many animals. It will also be important to have 
public health systems which can respond to these special demands. 
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Gerald Joyce: 


Welcome back, everybody. We covered a lot of ground in that last ses- 
sion. I’m Jerry Joyce. I’m going to start with a kind of apocryphal story 
about evolution, and then open it up to general questions and also com- 
ments from our panel, of course. I think we see that we're very grateful 
to Darwinian evolution. We wouldn't be here, our biosphere wouldn't 
be here, all the innovation of our biosphere wouldn't be here. But it is, 
of course, a double edged sword. That especially with regard to patho- 
gen evolution, especially with regard to viral pathogen evolution, the 
pace at which it occurs is too fast a pace for the human timescale; even 
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for our defenses, both our biological defenses and our technological 
defenses sometimes. So that’s something I think, as a society, we need 
to recognize — that pace. 

The apocryphal story I want to tell was triggered by Peter’s slide 
(Peter Palese). First of all, seeing the kids in the iron lung with polio, and 
then that graph, which I’ve never seen before about how the vaccines just 
shut it down. As you know, polio is still with us. I made that remark very 
briefly, but it’s been in the news lately. Why is polio still with us? We’ve 
had the vaccine since the early 1950s. It’s an extremely efficacious vac- 
cine. The reason is, I’m not sure everyone knows the story (and I am from 
the Salk Institute), that it was the Salk vaccine, a killed viral vaccine — 
formaldehyde killed whole viral particles. That was the original vaccine. 
But the Sabin vaccine, like the Newcastle disease vaccine that you’re 
working on now, Peter, is a live vaccine. The benefit of a live vaccine, of 
course, is that it’s the gift that keeps on giving. It’s transmitted to house- 
hold contacts, and to neighbors and so on. So you don’t have to inoculate 
everyone with the vaccine, just enough people that then the vaccine strain 
transmits vaccination-based immunity. But, of course, evolution happens. 
And because the vaccine, the live vaccine strain is still used, especially in 
the Global South, there’s a lot of viral load of that vaccine strain, and the 
vaccine strain evolves, and it has evolved back into a pathogenic strain. 
And so the polio virus cases that we see now are not a direct recapitulation 
of the original pathogenic poliovirus, but a different route to pathogenic- 
ity. So now, of course, everyone is going back to the Salk vaccine, which 
is a killed vaccine, and doesn’t have that problem, but also doesn’t have 
the benefit of the propagation. Again, a classic story of the two-edged 
sword of evolution. But just a remark, though, to Peter is... and he didn’t 
have time to go through this in detail, but he is working on a Newcastle 
disease based vaccine that encodes the spike protein of SARS-CoV2. In 
that case, it is a live vaccine, but of a non pathogenic virus. It's not some 
softened form of SARS-CoV2. It's just carrying the epitope for the spike 
protein in an innocuous virus. It's not completely implausible that some 
variant of Newcastle might turn pathogenic, but that's a long way away. 
How many people found that last session reassuring? Yes, so I think that's 
some of the questions that come to mind to myself. You know, RNA is on 
the edge of life, both historically and with regard to viral evolution. And 
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then the more extreme versions that you heard in Andy's talk (Andrew 
Fire) where he can probably tell you, if you bring him your empty cup, 
whether you had milk or cream in your coffee or not. Because he can let 
his little replicons replicate, and they will pick up a little bit of the DNA 
from the milk that you used in your cup. So there the dual axis of both the 
benefit and the glory of evolution, and the challenge of it. That's not really 
a question, but I’m just trying to capture the mood. So, Karla, go ahead. 


Karla Kirkegaard: 

I have a question for Jack (Szostak). You know, there's always this prob- 
lem, with the primordial world, how do you bound the RNA to give it a 
membrane, and you've showed nice membrane images. But it's been 
really exciting this phase separation, that happens with simple proteins. So 
you guys know about phase separation, when you have simple proteins, 
and so called natively denatured, what they do is form these phase separa- 
tions, and as soon as I learned about that, I thought, ah, that's it! That's 
what RNA did! It made simple amino acids, strings of them and encapsu- 
lated itself. 


Jack Szostak: 

So there's been quite a lot of work along those lines. And we've looked at 
it a little bit in the phase separated systems that we've looked at, which 
tend to be arginine rich peptides forming a coacervate. With negatively 
charged RNA, what we see is that RNA molecules exchange rapidly 
between droplets. And also, of course, the droplets have a tendency to 
ripen and coalesce. So I think over time, they're not a good kind of com- 
partmentalization that would allow for evolution. Where I think they 
might come in really useful, is forming within a membrane compartment, 
localized microenvironments that might be good for some kinds of chem- 
istry, maybe even RNA replication. 


Gerald Joyce: 


So along those same lines, we saw that there's not enough time to 
complete the replication process before the exchange between the phase- 
separated regions, right? Is it so? It's really a kinetic problem? Is that how 
you see it? 
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Jack Szostak: 

Yes, yes, I mean, you know, in principle, if there's a way of forming drop- 
lets where the RNAs are permanently inside, they can't exchange except 
maybe very rarely but they can still grow and divide, then that would work 
fine. But there's no system like that so far. 


Gerald Joyce: 


Please, any comments or questions from the audience? Anything's fair 
game. 


Yamuna Krishnan 

A question for John. When I saw your results where you had an RNA, but 
also had a sort of affinity for a certain amino acid. I started thinking imme- 
diately as we were talking about charging tRNAs, and things like this, 
which of the RNAs came first : mRNA, tRNA rRNA? Because I've only 
had to have this ribosome activity, and I still haven't sorted it out in my 
head. But when you talked about the second genetic code, I wanted to ask, 
does this mean that the second genetic code came first? 


John Sutherland: 

So, good question. Paul Schimmel always had it, that tRNA is basically a 
dimeric product. And the acceptor stem basically arose before the antico- 
don stem. And there is some quite, pretty good supportive evidence for the 
idea of tRNA being a dimer. Which bit comes first is difficult to say, but 
Christian de Duve attitude was that if you actually have a chemical selec- 
tion to attach an amino acid, then a frozen accident makes more sense. So 
my feeling is that you would actually have the stereo chemically coded 
amino isolation first that's just occurring because of fundamental chemis- 
try. It's not something that biology is trying to do for a purpose. But if that 
then becomes spliced or joined to an anticodon stem, which has a family 
box anti-codon, it can then participate in transpeptidation. And the idea is 
really that the selection for that might be based more upon the fact that the 
transpeptidation liberates an RNA terminus for replication chemistry. And 
the peptide is just a byproduct. So you can produce uncoded or partially 
coded peptides as a byproduct of engumming the ends of RNA that has 
been gummed up because of this competing amino isolation chemistry 
that's taking place. 
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Jack Szostak: 

Okay, can I give her an alternative hypothesis? The way we've been think- 
ing about is not contradictory to this, but maybe builds on it in a different 
way. So we were thinking that you couldn't evolve coded translation 
unless specifically aminoacylated RNAs already existed. And so, you saw 
a way to bias that with this second genetic code. But it has to be linked, 
right, everything has to be linked, the codon, the stem specificity. So we're 
thinking: maybe a way around that is if aminoacylated RNAs did some- 
thing else first. And what we found is that if you have little bits of RNA, 
you can help them to assemble into larger structures, including ribozymes, 
if you make those out of aminoacylated RNAs. And so that would provide 
the potential for the side chains of amino acids, which are now in the 
backbone of RNA to actually take part in, for example, ribozyme cataly- 
sis, that would provide a selective pressure for the evolution of ribozymes 
that are RNA and amino acid specific aminoacyl-RNA synthetases, that I 
think would set the stage for coded translation. That's our hypothesis. 


Gerald Joyce: 


Just to relate that to what we talked about this morning, that also gives a 
role, a selectively advantageous role for small peptides, even individual 
amino acids, but also small peptides, before you could have more complex 
evolvable proteins. The other one I would put on the table is: we don't actu- 
ally know whether the first RNA aminoacylation events, or for that matter 
amino acid activation events, were chemical reactions or RNA-catalyzed 
reactions. Either one is possible. One could make arguments both ways. 


Donald Hilvert: 

I also had a question about the evolution of translation. It went by kind of 
fast. It wasn't clear to me whether you were suggesting that the first amino 
acids were those in the fourfold degenerate codon boxes? Because if so, 
there's only one that really is functionally interesting. And that's the argi- 
nine. Everything else is quite hydrophobic. 


John Sutherland: 

The idea basically can be seen two ways round. You can say, look, the 
amino acids we find easiest to make fit the fourfold degenerate codons. Or 
you can take the energetics argument and say, therefore it makes sense that 
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the amino acids that were first designed were first designed to fourfold 
degenerate codons. But yes, there is functionality in serine, and threonine. 
There’s N terminal amino group functionality, and there’s arginine. But 
the real idea is that there’s no negative charge, there’s no aromatics, but 
then RNA can contribute negative charge and aromatics. So the idea really 
is it’s like the two wounded First World War soldiers who can walk by 
leaning on each other, but neither one can walk on their own. So the idea 
is short peptidilated RNA, either conjugates where that covalent attach- 
ment is still maintained or aggregates where they just associated. 


Gerald Joyce: 


Maybe a question for Claudia (Hóbartner). How much decoration and 
functional decoration of RNA can occur? Not just as markers, but as cata- 
lytic enhancers, as you showed with RNA methylation? 


Claudia Hóbartner: 

Well, I think there are two things that we can consider. One is that already 
modified building blocks could take part in the evolution. So they can 
properly be also formed spontaneously and then be incorporated and the 
information can be retained. Or cofactors can separately evolve and then 
be used by evolving ribosomes to decorate other RNAs. 


Karla Kirkegaard: 

I asked you briefly in the break. And I want to go back to it about the 
effect of modification on RNA-RNA interactions on base pairing, because 
I’m interested in what the enzymologists here think. It seems to me that 
with RNA catalysis, the rate limiting step is often product release. And so 
I’m wondering about the effect of modification on that affinity. 


Claudia Hóbartner: 

Yes, very good point. And, in fact, it looks like that would go the opposite 
direction, because when we modify antisense oligonucleotides to hybrid- 
ize to mRNAs, then ribose methylation enhances that affinity rather than 
doing the opposite. So I think that whole question of how we get strand 
separation is also something that goes back to the replication problem. So 
it helps to copy one strand. But in order to make the next copy, we need 
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to separate it again. And I don't know if I have an answer to how we would 
overcome this problem by modifications. 


Andrew Fire: 

Actually, I m not sure that what you're saying is completely incompatible. 
Because if you enhance the interaction with a short duplex, that actually 
could have advantages. You are able to then have a short duplex that's 
more stable, but is able to come apart more easily than it would be for a 
longer duplex. So there could be some something there. 


Sabine Flitsch 

Can I just ask about the temperature these reactions should happen? 
Because it's not possible that, you know, these were elevated tempera- 
tures, and then maybe base pairing was not as strong as you might imag- 
ine? And maybe you need the methylation to enhance the base pairing and 
recognition. 


Gerald Joyce: 


Yes, I would be curious. Others, please comment. We don't have a really 
firm handle on what the temperature of the planet was at 4.0 billion years 
ago; even if you don't think in terms of the global temperature, but of dif- 
ferent niches and what the temperature might be there. Yes, in principle, 
you would have the destabilizing effect of higher temperature. But then of 
course, the propensity of RNA to spontaneously undergo cleavage would 
be enhanced, especially in the presence of divalent metals. So I don't 
know. What do people think? What do we actually think the temperature 
was like, at the time of origins? And what should it be to make things 
more beneficial? 


Karla Kirkegaard: 
Maybe you just got strand separation once a day. 


Jack Szostak: 

You wouldn't want to use a day night cycle for strand separation, if we 
cook the RNA for hours, there will be nothing left. We've been thinking, 
I think maybe we were biased initially, but because of PCR, we were 
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thinking along the lines of very short, high temperature spikes to get short 
bits of RNA apart and shuffle configurations. That’s what I’m leaning 
towards now and John (Sutherland) may comment on this. Are there other 
kinds of fluctuations that could be more gentle to RNA, like solvent fluc- 
tuations, or salt fluctuations, even pH fluctuations? So we’re just starting 
to explore those alternatives. 


Gerald Joyce: 
This is a big problem. The separation of sizeable RNAs is quite difficult, 


takes extreme conditions. Yes, you could cycle temperature, hopefully a 
short spike. You could bring in hot formamide or something. But a ques- 
tion for Andy (Fire): There might be different ways to skin the cat beside 
the kind of simplified version I showed. Plus strand makes minus, they 
come apart, each one does it again. Jack (Szostak) talked about the virtual 
circle genome. So the idea would be that each little fragment is small 
enough that it could come apart without extreme conditions, and then col- 
lectively they carry information. Another possibility would be a rolling 
circle type replication system like occurs in certain viral systems, or some 
other reciprocal strand displacement type system like is used in some 
diagnostic assays. So the question for Andy (Fire): What about something 
like the mechanism inspired by the viroid where there’s alternative confir- 
mations that basically get a way to hairpin back for both the plus and 
minus strands. 


Andrew Fire: 

I think that’s a good model. I think that was some of the models that came 
out early. Other people in the Q beta field were part of the driving factor. 
And the monsters that would form in those replication systems was their 
ability to self denature in some way. Multi forms have been able to do that 
in multiple stages where the activation energy for each stage is relatively 
small. It’s attractive, but I’m sure it could be done in many different ways. 


Gerald Joyce: 


What he’s referring to is test tube evolution experiments where Q beta 
replicase just like Andy (Fire) explained using T7 RNA polymerase, is the 
replicator. And the replicatee is the Q beta bacteriophage genomic RNA 
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that gets copied and copied and copied and evolves in the test tube. But 
there's a special trick there, which is, as the newly synthesized strand is 
produced by the polymerase, it exits in a way that is separate from the 
template, and then begins to fold on its own. So that's another trick, you 
know, but how to do that perbiotically is a little tricky. It takes that structure 
to make sure the newly synthesized strand peels off into the distance. So 
I think there's lots of options, but it is still an unsolved problem in the field. 


Ben Feringa: 

Talking about templating. I read a number of articles in the past that peo- 
ple said inorganic templating, inorganic surfaces played a crucial role in 
prebiotic chemistry. I didn’t hear you about that. Is that out of the picture 
completely? Or what is the role there? 


John Sutherland: 

It’s not out of the picture. No, I think the problem is searching that space. 
Basically, there are lots of potentially available enabling surfaces. There’s 
been a lot of work done, for example, on clays, by Jim Ferris on oligom- 
erisation of nucleotides on clays. And there are some results from that 
which are quite encouraging. And Jack’s got some data on clays, basically. 
And the formation of vesicles. 


Ben Feringa: 
On clays you got a lot of organization! 


John Sutherland: 

Yes, you get the organization. But the organization when you polymerize, 
it’s sometimes more difficult to get things off the surface. So it’s the same 
issue basically. 


Karla Kirkegaard: 
Actually, for some RNA viruses on those membranes on which they rep- 


licate, you get a lattice of replication proteins, like in the case of poliovi- 
rus, like a polymerase lattice. And so that’s what we think. I think there is 
no long double stranded RNA intermediate, even though people always 
draw it. I think there’s no evidence for it. I think you see it after you 
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extract the RNA with detergent. What I think is that it’s splayed out on 
those surfaces, and kept pretty much single stranded by the protein 
interactions. 


Martyn Poliakoff: 

I’m not sure that temperature cycling is a problem. If you think a bit about 
the geysers in Yellowstone National Park, and you imagine some slow, 
flowing stream that gets doused with hot water every hour or something 
that you could easily imagine cycling of temperature. Because the impor- 
tant thing is solely you only need this to be done locally. You don’t need 
whole lakes suddenly to heat up or cool down. And if it was associated 
with the stream, the reaction products would be nicely washed down and 
distributed across the landscape. 


Jack Szostak: 

Yes, we were trying to think of geological scenarios like that, where we 
could get a pulse of high temperature, but you need to be able to repeat it, 
it has to be a cyclic process, but if the products get washed away down- 
stream, then it’s not so great. We have to explore all these things, see what 
will work the best. 


Karla Kirkegaard: 

I think when you’re talking about evolution, you don’t have to have things 
endlessly logically repeatable. And we're talking about very rare events, 
in general, and so sometimes looking at that rare event, and then adding, 
you know, arguing post hoc, something very very rare doesn’t work... 


Jack Szostak: 

Well, we were talking about how to get basically a cell cycle going, right? 
Where it may take multiple cycles of high temperature, cool phase, in 
order to get one replication cycle. So you don’t want to have too much 
degradation or dilution. 


Gerald Joyce: 


We’re also mixing up two different eras here. Once you have evolution, 
Darwinian evolution, you can invent ways to tame your two strands. But 
before you have that, it has to be a physicochemical way. And although 
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temperature cycling, a repeating geyser or some hotsprings might do it, 
there's also the problem of strand reannealing. Just separating two strands, 
you need that. But then, if those two strands come together before either 
strand can be copied, you lose. Of course, you don't have the help of evo- 
lution at the beginning. 


Thomas Ebbesen 

There's a lot of work on vents, including complete chemical cycles that 
you can drive in inorganic materials, and none of you talked about that. 
The problem with a light system using sunlight is that as the molecules go 
bigger, they absorb more, their absorption cross section increase, catabo- 
lism is faster than metabolism. And it's an old question regarding evolu- 
tion of chemicals on the surface of the earth. Vents seem to not have that 
problem since they're very deep in the ocean. 


John Sutherland: 

So, the best to date experimental data on vent based chemistry is the syn- 
thesis of one micromolar formate from CO,. And it's a long way from one 
micromolar formate to building blocks for ribonucleotides and proteins. 
Second comment is, you have a problem with accumulation of materials 
and separation and purification, no crystallization in vents. No basic way 
of concentrating, you've got dilution to effectively homeopathic levels, 
okay, and you don't have the energy associated with UV photons to drive 
many, many reactions which are required. 


Thomas Ebbesen: 
Okay, UV photons are very destructive too, so that you have to take into 
account if you do a model on that. 


John Sutherland: 
Granted, they are destructive, but they also provide a selection mechanism 
as well. 


Jack Szostak: 

I can just add one thing, you know: when you have a genome that's mega 
bases, or more, then it doesn't take much UV to be harmful. But if the 
genome is 50 bases, you can tolerate a lot more. 
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Thomas Ebbesen: 

I’m talking about before the genome. I’m talking about just the chemistry 
of the chemical soup. I mean, there are articles reviews written on this 
30-40 years ago already about this issue of the balance of the cross 
section. So... But this is not the topic. 


John Sutherland: 
Just one last comment. There are plenty of things written about it but 
there’s absolutely no supporting experimental evidence. 


Nick Turner: 

I want to go back to these very first peptides that might have been pro- 
duced. And this is a question I guess, for John and Jack. Are you thinking 
about trying to make a peptide that will have catalytic activity? I can think 
of some candidates, I’m sure you’ve thought of these. So di-peptides dike- 
topiperazine can catalyze asymmetric Strecker reactions. So you’ve got 
cyanide, you’ve got imines that make amino acids that could help. Is that 
the way you’re thinking? Does that help to advance your argument that 
you can make for the first time a catalytic peptide? 


Jack Szostak: 

That’s an extremely important point, you can’t evolve something like the 
ribosome unless you have both these substrates. And the product has to be 
useful in some way. And so we’ve been thinking more and more about 
that. You gave some examples, John gave me a possible example for “Gly- 
Gly”, which would be amazing because there’s certainly lots of glycine 
around. So that’s what we need to sort of close the loop. To have a selec- 
tion for the evolution of coded synthesis, we need a function for the first 
peptide. 


John Sutherland: 

The example I gave Jack was simply that when you have divalent metal 
ions that catalyze the hydrolysis of RNA, for example, Cu™, passi- 
vated, by binding dipeptides by tridentate binding, you can stop copper 
from destroying RNA hydrolytically by making a dipeptide that che- 
lates it. 
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Rob Knowles: 

Just to follow up a little bit on what Nick was just speaking about. I know 
there's no clear answer to this, but I was curious to hear all your opinions 
on sort of the chirality questions and how those sort of arose? And what 
the sort of current thinking is on that stereochemical question? 


John Sutherland: 

The idea basically is that if you can sort out the stereochemistry of RNA, 
then when you do the amino acid transfer chemistry, you get the relative 
stereochemistry. So you can go from receiving amino acid pools to get 
the correct relationships. There are chemical relationships between 
amino acids and RNA. So the trick then is how do you sort out the RNA? 
And all I would say at this stage is there is an intermediate in the syn- 
thesis which is crystalline, and it crystallizes as a conglomerate, which 
gives you the chance basically, if you do this on the surface of the planet 
where you can crystallize, it gives you the chance to use conglomerate 
resolution techniques basically, or imagine how you could resolve by 
conglomerates. 


Henry Snaith: 

So I’m apologizing in advance, I’m going to ask a layperson’s question. 
This seems like sort of fair understanding of what could have happened. 
But obviously, you're a little away from having the complete picture of the 
evolution of life. Can you make any estimation of the probability of this 
happening? Or what do you need to know before you can estimate the 
probability of life having occurred within the last 4 billion years on Earth? 


Jack Szostak: 


The simple answer is, we're here. So the probability is one. 


Henry Snaith 
I was fearing that was going to be the answer! 


Gerald Joyce: 


I think this is a place where there's been a lot of incautious statements, 
particularly from astronomers. We don't know the probability, we really 
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don’t. So you know, we know now how incredibly abundant extrasolar 
planets are, right? Certainly with the James Webb telescope, we’re going 
to start seeing smaller, more potentially Earth-like rocky type planets, 
within the so-called habitable zone. Where it gets murky is in the denomi- 
nator, when calculating probabilities, where it’s n-minus-one. And since 
our n is one, this denominator makes the equation undefined. We don't 
actually know, given a terrestrial-like rocky planet within the habitable 
zone, what the chances are of starting life. I mean, we can talk about it, 
but we don't actually have a number. 


Jack Szostak: 

Let me give a more serious answer, which is we don't know. So one of the 
many things we don't know is how many different environments have to 
be present and involved in mixing, transport, in the right order. Getting all 
the bits and pieces to work together perfectly by chance might be incred- 
ibly rare. And maybe that's why it could have taken hundreds of millions 
of years to get the right combination of events. Or it could turn out to be 
incredibly easy. And life's popping up and dying out all over the place. 
And that's really what we don't know. 


Henry Snaith: 

And are there key points? There is large uncertainty in terms of the whole 
evolution from the first RNA through to complex life or multicellular life. 
Are there key points where there were pauses? I guess there's no way of 
looking to see what happened. 


Jack Szostak: 

There are a whole bunch of things that we don't know, right? Once life, 
say RNA world type life, got started, how long did it take to evolve protein 
synthesis? Metabolism, protein, membrane transport, all those things? 
Once you get to something as complex as LUCA, which is basically a 
modern bacterium, it would be very hard to drive that to extinction, even 
by huge impacts. But we have no idea how long that took. 


Gerald Joyce: 


I agree completely, Jack. So once you get to something like the /ast uni- 
versal common ancestor, or what we call LUCA, game on! If there was 
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an RNA world prior to that, which seems highly plausible, it couldn't have 
been a very long interval between that and LUCA. Best estimate when 
there was a last universal common ancestor is 3.6 to 3.7 billion years ago. 
And then, on the earth, it wasn't really habitable for aqueous life until 4.2, 
maybe 4.3, billion years ago. So it depends on what you call « long ». 
That's still hundreds of millions of years, which is many, many genera- 
tions. But in the lifetime of a planet around an M star, you've got enough 
time. To me the bigger uncertainty is the interval before evolution starts. 
Because evolution finds a way, right? Some would say, if you don't have 
a magnetosphere, you're not going to have a suitable planet because the 
cosmic radiation from the parent star is going to make it impossible. Some 
would say, if you don't have plate tectonics, you're not going to have a 
way because you don't have a fluxing environment. We just don't know 
the answer to all these things. What will change the equation is when n 
equals 2, right? And so, obviously, there's a lot of effort to find evidence 
of life, not extant life, but extinct life; evidence of extinct life on Mars, or 
on one of the satellites of Jupiter or Saturn, maybe for the younger people 
within their lifetime. And then, of course, whether there could possibly be 
a signal of life on an extrasolar planet. And then finally, SETI, if there's 
actually a signal that we pick up. 


Ben Feringa: 
So that was exactly what I wanted to ask. This new satellite has now been 


announced. It gives us beautiful pictures, you know, and I get the impres- 
sion that my colleagues in Physics know precisely what they are looking 
for. What should we look for, as chemists? 


Gerald Joyce: 
Obviously, with JWST (James Webb Space Telescope), they're going to 


be able to get atmospheric data on extrasolar planets. So what should they 
look for? There are different arguments. [ll put a couple of them out 
there, and others feel free to chime in. The slogan was: search for water! 
Because that's necessary for life. That's now considered not to be a defin- 
ing enough criterion. Another mantra that one hears is: search for non- 
equilibrium chemistry. That there's some process that is operating out of 
equilibrium, which would be tied to a living thing. The more recent 
counterargument to that is: Life drives itself extinct if it stays out of 
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equilibrium for too long because it consumes the resources of the planet. 
So a long lived life form would be one that actually can operate very close 
to equilibrium. Then people point to specific chemicals like ozone, so that 
there would be an oxygenic atmosphere associated with ozone. Phosphine 
was one that was in the news recently because of the phosphine signal, at 
a very low level, that was found in the upper atmosphere of Venus. And 
although it’s true that one of the sources of phosphine on Earth is bio- 
genic, and there isn’t a fully known chemical mechanism for getting that 
level of phosphine on Venus, there are plausible mechanisms. So that’s 
kind of my view of the laundry list. None of them are smoking guns. 
I think what the extrasolar planetary astronomers are going to look for is 
some of those things. My prediction is that there'll be some initial over- 
claims and a lot of publicity, and then some counter discussion. And then 
hopefully, rationality comes back. 


Ben Feringa: 

The reason I asked this question, you know, origin of life, to me, prebiotic 
chemistry looks like a chemical problem and molecular problem. And 
I don't want to leave it to my colleagues or Physics all the time, you know. 


John Sutherland: 

Ben, I agree with you. I've collaborated with Didier Queloz. And one of 
the things we've done is basically say “Look, we know we need a certain 
amount of light to do this chemistry". So he can then look at his exoplan- 
ets and say they are or are not close enough to their star to receive enough 
light to do that chemistry, to outdo competing chemistry that occurs in 
the dark, for example. So you can constrain which exoplanets are most 
interesting to look for. But I kind of completely agree with what Gerry 
(Joyce) said : there are going to be false claims. And it's going to mess 
the field up. I would love to see cyanide. So when Schumacher-Levy 
impacted Jupiter, cyanide in Jupiter's atmosphere spiked too. In princi- 
ple, James Webb could spot a meteorite impact on an exoplanet: a spike 
in cyanide in the atmosphere. And that would then tell you that what 
we're invoking — cyanide and atmospheres of rocky planets — is not 
unachievable, for example. 
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Jack Szostak: 

So there are a couple of problems. What I would most like to see is evi- 
dence of prebiotic chemistry on an exoplanet. What I hear when I talk to 
astronomers who are thinking about this is is that it's super difficult not 
just because of how rare the relevant gases might be, but because a young 
planet around a young star is in a very dusty environment, which makes 
getting good spectra almost impossible. And then there's contamination. 
As you know, we can see tons of cyanide in the dusty rings of a proto 
planetary nebula. So I think finding evidence of this chemistry on a young 
planet is going to be really tough unfortunately. 


Kurt Wüthrich: 

In the timeframe that we are considering, there have been extreme climate 
changes on Earth. How do you take account of these when looking at the 
evolution? Let me just give you a hint. With proteins, we know that there 
is heat denaturation. It's perhaps less well known that there is also cold 
denaturation of proteins. Now, is there a reason why an RNA world would 
have survived more elegantly during all these climate changes than a pro- 
tein world? Should we look at this when considering the most recent, 
ongoing change of climate? 


Gerald Joyce: 


Okay, I’m going to start, but I want someone else to help here! So, again, 
let's separate the eras. The era of the RNA world, I would view as a more 
fragile era. The era since LUCA, the last universal common ancestor, has 
proven to be a very robust era with regard to changes in climate, including 
far more dramatic changes than we've seen in the course of human exist- 
ence on this planet. If one looks at so-called extremophiles, where micro- 
organisms or even eukaryotic organisms can live, the range of temperatures 
are from —10 Celsius to 200 Celsius — although not replicating at 200°C 
but surviving — replicating at 120?C, and extreme differences in salinity 
and pH. So again, evolution finds a way. Once evolution is going and 
robust, the proteins and all the machinery adapt to those conditions. That 
doesn't mean that one can't imagine a kind of climate change that would 
cause a global extinction. A very large impactor hitting this planet, which 
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fortunately we seem to have escaped in the last 4.3 billion years, could 
sterilize the planet. A 250 km impactor would boil off the oceans and melt 
the crust of the planet. So too are moon forming type events; I don’t think 
one of those are going to happen ever again. Or a gamma ray burst. 
One can imagine really extreme events. But over the course of the last 
3.8 billion years or so, evolution has found a way. During the RNA world, 
I imagine that to be a more fragile time and, who knows, there may have 
been a start, and a wipeout and another start and another wipeout, that 
would help the denominator factor, if it really happened more than once. 
Others please? 


Claudia Hóbartner: 

Regarding the comparison to cold denaturation of proteins, I’m not aware 
of any comparable situation in RNA, since, even under ice conditions the 
evolution of ribozymes has been done and can occur. And so maybe a 
preservation, in this way, may also help. And the other aspect, in direction 
of heat denaturation and disability of RNA under hot conditions in the 
presence of harsh environments, it’s a place where I feel that modifica- 
tions could play a role to prevent the hydrolysis of the strand. 


Gerald Joyce: 


I want to come back to the point of life’s biosignatures. And we were talk- 
ing about chirality and the origins of chirality. There was a time not that 
long ago when people felt a strong biosignature of life would be chiral 
asymmetry — strong enantiomeric excess of organic compounds or a 
complex mix of organic compounds. That would not be a strong biosigna- 
ture, because we know that in things like the carbonaceous chondrite 
meteorites there can be a substantial enantiomeric excess of amino acids, 
including non-biological amino acids. We know these aren’t contamina- 
tions, with locales within the meteorite having up to 18% enantiomeric 
excess. So if you find enantiomeric excess, it isn’t proof of life. Then this 
touches on the question of how to break chiral symmetry in the first place. 
Because if that was necessary to start life, as I think many people believe, 
then by definition, it’s not a biosignature because it had to be broken 
before you start life. Then there’s also racemization, but that’s not one that 
I think you can hang your hat on as to chiral asymmetry or chiral excess. 
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Ben Feringa: 

I always learned that circular polarized light in outer star systems is huge, 
massive circular polarized light, and this signature of chirality in meteor- 
ites probably come from there. At least that's the theory I always learned. 
Prof. Eschenmoser said chirality is the signature of life. That was his firm 
statement, but I’m happy to hear what you're thinking. 


Gerald Joyce: 


Maybe others can comment on circularly polarized light, or that the pole 
of a neutron star has been hypothesized to be sufficient? But that's abio- 
genic, right? That's not a biosignature. 


Jack Szostak: 

The circularly polarized light was kind of the common explanation that 
was talked about for decades and it's experimental fact that you can make 
that work. But the coupling is very weak, right, it's very hard to get to 
even the levels that we are seeing in meteoritic samples without essen- 
tially destroying almost everything. So I think a revolution over the last 
decade is now we have many physical mechanisms that can drive homo- 
chirality. And so the question now is which of these physical mechanisms 
actually was responsible? 


Chad Mirkin: 

More of a generalist outsider looking in type question. This is a pursuit of 
something that you never really know if you're right, you have a definitive 
possibility, right? And it's probably one of the biggest questions you could 
ask. And I think of big questions driving new developments. If you step 
back and look at what this pursuit has done in terms of new developments, 
have there been major advances in chemistry, major advances in tech- 
niques? Are there new advances required that would accelerate your abil- 
ity to get to more definitive positions? 


John Sutherland: 

Chad, I completely agree, 10-20 years ago, I'd have completely agree 
with you that we may never know. But I’m increasingly of the opinion that 
we will know in really intricate detail exactly what must have happened, 
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because things are coming together now. When you start putting networks 
together, and you start sort of suggesting geochemical scenarios, the geo- 
chemical scenarios then feed back into the chemistry. If you then take the 
input they're putting into the chemistry, see how it plays out in the chem- 
istry, the chemistry gets better, you can sort of bootstrap between the 
scenario and the chemistry. And I think if you get that, you saw the origin 
of chirality, you start to see amino acylation of RNA and you start to see 
peptidation. I think you start to get something that's so good, it wouldn't 
constitute legal proof. But I'd certainly die happy if I could see all of that. 


Chad Mirkin: 

What about other techniques? In other words, is there something missing 
that would accelerate? Has there ever been something that we've learned 
that doesn't answer the question, but drives other developments in chem- 
istry? What's come out of this pursuit is what I’m trying to get at? 


Jack Szostak: 

Ithink maybe what has come out more than anything else is how we think 
of the problems, that the things that have held us back for so long are just 
preconceptions about how things work. And, you know, just one example: 
There are some synthetic organic chemists who would say that this is 
completely impossible to happen on the surface of a planet all by itself. 
Then you start to think about the geochemical scenarios, the fact that key 
intermediates crystallize out beautifully, that you could accumulate reser- 
voirs, that you can capture low levels of cyanide in iron complexes and 
accumulate huge reservoirs of starting materials. It's how you think about 
these problems and how you connect simple known reactions into path- 
ways that give us what we need. That's the advance. 


Andrew Fire: 

Briefly to that, one can draw a line between the origin of life work that 
was done and the study of the RNA polymerase within very simple sys- 
tems, and then getting those RNA polymerase to do things like making 
vaccine RNA and to do it cleanly and knowing what to look for in those 
preps. And so I do think that there's been a pretty strong return on invest- 
ment in the field through just that little part of it, you know, the work that 
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came through that as earlier work on on RNA polymerases, but certainly, 
it was extraordinarily valuable. 


Chad Mirkin: 

How about other drivers? Are there analytical techniques that need to be 
developed that would accelerate? I haven't heard that yet. Is there some- 
thing missing that slows you down? 


Andrew Fire: 
We're not doing the origin of life stuff. 


Jack Szostak: 
The only thing that's slowing us down is having time to think about the 
problems! 


Gerald Joyce: 


Yes, the origin of life research field, both prebiotic and early studies of 
RNA-world-like systems, have benefited from developments elsewhere. 
The advances of analytical chemistry have helped a lot. Advances in mass 
spectroscopy, especially, have helped the field a lot, because many of 
these reactions involve complex sets of products. And so that's probably 
one I would point to. Thank you to the analytical chemistry field for help- 
ing our field! 


John Sutherland: 

I agree with Jerry, I think systems chemistry was made possible by 
advances in analytical chemistry. In the past, you'd see people publishing 
a synthesis of something we thought was prebiotic by making A to B: one 
product. Life's not one product, you've got to operate in mixtures. So 
embracing the concept of systems chemistry, I think, has been key to a lot 
of us. And that was enabled by technology development. Now, analytical 
technology gets even better, we can play with bigger systems and under- 
stand what's going on in these systems, that will be a huge advantage. 


Donald Hilvert: 
So half of the session was focused on viroids and viruses. Where are 
viruses in the history of life? Are they intermediates between the prebiotic 
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soup and cells? Are they what’s leftover from primitive cells that got rid 
of everything they didn’t need, so that they could adopt a parasitic life- 
style? Something in between? 


Andrew Fire: 

So, one of the real experts in this is Eugene Koonin at the NIH. He has 
found a number of characteristic viral protein families that are not usually 
seen in a cellular component. And that argues that some fraction of viral 
components diverge very, very early from LUCA, last common ancestor, 
and maybe before that. So there’s a model that viruses predate or at least 
date from the earliest cells. As soon as we had working members of soci- 
ety, aka cells, we had parasites of them aka viruses, depending on how you 
call that, at the very least. And so viruses are probably extremely old. And 
perhaps at the very root of the tree is the model there. And I want to pine 
on, I think there’s debates about that. But I think there are strong argu- 
ments that viruses are indeed quite old, even the ones we have now. 


Donald Hilvert: 
Maybe a short follow up question to you. It wasn’t clear to me what 
viroids are. Do they actually have a protein shell? Or are they just self 
replicating RNA? 


Andrew Fire: 

A plant viroid is a self replicating RNA that uses the cell machinery to 
replicate itself. There probably are proteins that are involved in that and 
the transfer from cell to cell almost certainly involves another element of 
the viroid, sort of stealing something from the plant to do that. Either cell- 
cell junctions or other cellular components. And the hepatitis Delta does 
encode a single protein, probably that’s involved in replication and then 
uses another virus to get its way from cell to cell. So there are proteins that 
are employed by the viruses, but they are more canny about doing other 
entities proteins than one might expect. 


Karla Kirkegaard: 
It seems to me that when you have the pieces we’ve been talking about, 
you have nucleotides that can condense, you have them encoding a couple 
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of amino acids, amino acids participating in the condensation. It’s almost 
a virus already. 


Sabine Flitsch: 

I was just curious about sulfur. When that comes in? For example, 
recently, I came across this whole area of the thioesther world where peo- 
ple really claim that there was chemistry which involved sort of thioesters. 
What do you think about that? 


John Sutherland: 

The thioester world was proposed by Christian de Duve and it’s a very 
attractive idea, because, as you well know, thioesters play a key role in 
connecting nucleotide base chemistry with isolation based chemistry. And 
sulfur is involved in some of the schemes we’ve drawn and some of the 
schemes other people draw. There are other problems with sulfur. I think 
that if you look at the genetic code, it looks like the self containing amino 
acids were fairly late additions. So if sulfur was readily available, and files 
were stable to the conditions, because they’re so functionally useful, one 


could argue that they should have been incorporated earlier and it looks 
like they were incorporated late. 


Yamuna, Krishnan: 
I was just wondering about what Chad said about, you know, what’s miss- 
ing, that could help accelerate your progress. And I was just wondering 


whether you could speak about two things that I found missing so far in 
your talks. Radicals, radical chemistry, and how do you make lipids? And 
if we did know how to make lipids, then would that clarify your geo- 
chemical scenario? 


John Sutherland: 

The answer to the lipid problem was presented in a talk the other day, 
which is that Fischer Tropsch and methenation are two extremes of the 
same equation, basically. And if you talk to the geochemist about what 
likely would have prevailed, they say that methenation is far more 


likely than Fischer Tropsch. So this mechanism to provide large 
amounts of hydrocarbons is no longer as favored as it used to be. So 
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you're right, identifying how best to make lipids is key. There are some 
syntheses out there, but I don't think they're any good, including my 
own. That's a key issue. I think how to get lipids that give you the 
encapsulation that Jack told us is needed. And I think we all agree it's 
needed. 


Jack Szostak: 

Ithink John didn't answer your question about radical chemistry. But radi- 
cal chemistry is central to the whole cyanosulfidic photoredox system. So 
it played an important role in making all of the building blocks. 


Bert Meijer 

I'll ask a question as a supramolecular chemist. And as you see, it's all 
supramolecular chemistry, all of these molecules together. And in supra- 
molecular chemistry, it's very prone to have the effect of cooperativity, in 
which suddenly things become very strong. And you need a certain con- 
centration, or a certain length or whatever, in order to get the cooperativity 
to work, and sometimes it becomes even stronger. How is that issue here? 
I don't hear it actually, at all. Not in the original life, but also not if you 
look to the viruses, if they're very small, maybe there's less cooperativity 
than when they're bigger. For us, cooperativity is an enormously impor- 
tant aspect of all of our supramolecular chemistry. I was curious to know 
how you think about this. 


Karla Kirkegaard: 

I think that's one of the fascinations of these macromolecular assemblies, 
and especially one of the really interesting things about capsides and also 
the large aggregations of polymerase etc, that we see, for example, in 
these molecules that hyper stabilized capsid. What sometimes people say 
about them, that they don't like them as antivirals, is because they're 
needed stoichiometrically. What we've shown is that they're not, you can 
look at the binding curves of the small molecules to capsides, and you get 
inhibition way before you saturate all the subunits. So, there's a lot of 
cooperativity and assembling something like a capside that you can take 
advantage of in that way. So yes, I mean, cooperativity drives a lot of 
these things. 
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Jack Szostak: 

Yes, I think there are many places where there are cooperative interactions 
in this. The assembly of RNA goes on, on a template to be cooperative, 
because of stacking interactions. The assembly of membrane systems or 
the condensation of peptides into phase-separated droplets, there's a high 
degree of cooperativity in all of these phenomena. 


Bert Meijer 

Yes, that I understand. But I mean, in the beginning, you wouldn't have 
the cooperativity. And then there's a certain point in which the cooperativ- 
ity does work, and then it goes very fast. And I was just wondering 
whether the experiments you are now all doing are in the pre-cooperative 
regime or already in the cooperative regime. 


Karla Kirkegaard: 
Well, you guys keep making your replicating RNAs longer and longer. 
What have you seen? 


Jack Szostak: 

We've been looking at the assembly of ribozymes from fragments that can 
certainly be cooperative. So we definitely see cooperativity in these 
assembly processes. That's just one example. 


Bert Meijer: 
But if the primer is short, then there is no cooperativity and then it's not a 


primer. I'm just trying to figure out at what point it becomes cooperative 
and what point it is. We call it isodesmic, but then the association con- 
stants are actually independent on everything. And as soon as it becomes 
cooperative, you add up and it goes. I was just wondering. 


Jack Szostak: 
Actually, let me pass the question to John and ask if you have two hairpins 
assembling on a template? Is that cooperative or anti cooperative? 


John Sutherland: 
I think it's cooperative. Well, I think the question is basically “does one 
help the binding of the other?". And we haven't actually established that. 
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I think the messenger RNA in accommodating two tRNAs on the ribo- 
some is kinked. And that kink is probably entropically stabilized by the 
30S subunit. And so we’re probably up against an entropy issue when we 
try and bind the two. So it’s probably not cooperative. But there could be 
interaction between the two elsewhere, in which case it would be coopera- 
tive. So I think my answer is that we should find out. 


Bert Meijer: 

I think it’s an important issue, because the entropy issue is a very compli- 
cated one. As we do interactions of individual ones that are weak, and you 
take a whole string, then it starts to come together to cluster. And that, in 
your view, should be entropically unfavorable, but due to the fact that the 
rest can do this, it becomes entropically driven. So I can imagine that that 
plays a role here as well. If you have these individual ones, on the tem- 
plate that they like to come together, in order to have more mobility on the 
one that is not called. 


John Sutherland: 

I think the first complex in which trans-peptidation took place would have 
to be cooperative. And I think that cooperativity would be the key to it. 
There’s been this lovely description of the ribosomes as an entropy trap. 
And I think that’s what you want to try and recapitulate in a simpler sys- 
tem, something that sort of is an entropy trap, just by proximity induced 
by cooperative behavior. 


Bert Meijer: 
Okay, thank you so much. I just didn’t hear the word cooperativity at all 


in all of the talk. So I thought it’s an important issue. 


Gerald Joyce: 


I'm glad for this. I think this is very stimulating. I’ve never heard this 
concept discussed in the many, many discussions about the origin of life 
problem. We're all kind of winging an answer here. But I think it's one we 
should take forward as food for thought. Certainly by the time you get to 
genomic systems, especially when genomic length is at a premium, 
as I talked about earlier, you don't have enough fidelity to have a big 
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genome. There can be a tremendous benefit from the redundancy that 
makes use of multiple subunits that are then assembled in a simple man- 
ner. I think about something like tobacco mosaic virus, which doesn't 
have a big genome, but has proteins that very beautifully make the entire 
scaffold of what is then the assembled viral particles. So I can see it by the 
time you have a genomic system. But I’ve never heard it seriously dis- 
cussed until now in terms of prebiotic. Thanks for that. 


Karthish Manthiram: 

I guess I was just wondering if there's any possibility whatsoever that, 
from the era of the RNA world, any physical evidence whatsoever could 
have at all been preserved? Is it improbable, is it unlikely that, on a very 
flux set of narrow, narrow, narrow conditions, that something could exist 
out there? 


Gerald Joyce: 


I'm going to start on this one, because I love this topic. When are we 
going to have a second example? Are we going to find it on an extrasolar 
planet? We're not going to get a smoking gun, let's face it. Are we going 
to find it on Mars? There'll be some false alarms, I’m afraid. Maybe we'll 
see evidence of extinct life; maybe we'll see cross contamination; maybe 
we'll see evidence of our same life form that once upon a time was on 
Mars as well. Maybe it'll just be synthesized in the lab. But then there's 
the one you're saying, which is: maybe we'll find it in some isolated niche 
on this planet. And I won't name the name of a certain individual in 
Boulder, who has..., I shouldn't even said that! I have seen a draft manu- 
script that never was officially sent for review, where some bioprospecting 
in very unusual environments gave potentially some evidence of an extent 
RNA-based organism. But of course, extraordinary claims require extraor- 
dinary proof. And this is a very careful scientist, who has not found that 
extraordinary proof. I think the general argument is that if there was a 
RNA-based life form, still wiggling around on this planet, it would not 
just be food for thought... it'd be food; it'd be gone! So it would have to 
either be in a quite isolated niche from our biosphere or have some mecha- 
nism that keeps it at arm's length. For example, if it's based on a different 
set of nucleotides, or something kind of far out like that. I don't know, 
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I think it’s a great question and it’s one I always fantasize about, but 
there’s no hard answer for it. Others? 


Daniel Nocera 

So I'm going to preface : first I'm an inorganic chemist. And then sec- 
ondly, I started proton-coupled electron transfer (PCET) at a kinetic level. 
And radicals are important. I’m wondering, John. So with sulfur, hydro- 
gen bonds are great. And then I’m thinking about Rob's work who does 
photo catalysis. And that has shown that phosphate is great as an H dot 
donor. How much have you looked at that? And I' m sure you have things 
like just heterogeneous chemistry being basically radical reservoirs. So 
for instance, sulphide minerals, where I would be actually getting my H 
dot phosphate. Actually, Rob has even induced chirality from each dot 
phosphate transfer. So ’'m wondering about that. And then I was thinking 
about the vesicles. Could all that be happening inside of a vesicle? Just an 
inorganic rock vesicle? Just how much has the inorganic heterogeneous 
surface chemistry come into play? 


John Sutherland: 

I think that this is a really interesting question. And the protonation of 
hydrated electrons by phosphate dates back to the 60s, I believe. But you 
needed fairly high concentrations to get effective concentrations that 
would start interfering with either proton coupled electron transfer, or 
direct electron addition, unless you have something like hydrosulfide. So 
the second part about the inorganic or heterogeneous aspects: we find that 
copper with hydrogen sulfide and cyanide is a very effective combination. 
The copper is doing some sort of redox cycling, it's almost certainly form- 
ing copper thiocyanate, because the oxidative byproduct is called SS 
bonds. And those SS bonds are cleaved by cyanide to generate thiocy- 
anate. And then copper thiocyanate is a p type semiconductor. So if you 
get nanoparticulate, semiconductor particles, an awful lot of your photore- 
dox is probably going by heterogeneous chemistry. 


Omar Yaghi: 
John, imagine there are clearly lots of different reactions that are produc- 
ing products at different rates and some of them might be needed for 
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certain other reactions. So could you comment about the potential pres- 
ence of reservoirs to hold certain products until they're needed? You dis- 
cuss clays as potentially surfaces for reactions and templating reactions 
and things like that. Could you talk about the reservoir question? Storage 
of certain important molecules? And then my other very naive question: 
Could you simulate those early scenarios in a closed system and where 
you can perturb the system? And maybe use it as a.., I don't want to say, 
... as a control experiment? But in the lab? 


John Sutherland: 
Quick answer on the reservoir concept. I think, as you summarized, it's 


really important to be able to accumulate just as a taster. Cyanide from the 
atmosphere can be concentrated by formation of Ferrocyanide and then 
we can have long term precipitation of ferrocyanide salts. The cyanide can 
then be recovered by thermal metamorphosis. So you can end up with 
very constant but sort of dry powder containing sodium or potassium cya- 
nide in quantity, in bulk. So, I think reservoirs are important and coupling 
the reservoir concept to the environment is very important. 


Omar Yaghi: 
How about for organics, not just cyanide, but for organics? 


John Sutherland: 
So for organics, basically, we invoke the crystallization. In these crystal- 


lization steps, those materials can crystallize and then you can have a time 
lag. So, you could imagine a reservoir of dry organic crystals being pro- 
duced and lasting for a long time, as long as they're not UV unstable. And 
the one I talked about (the intermediate in the nucleotide synthesis) is 
completely UV stable, so it could accumulate and persist for a long time. 
But I think this is something we need, that is to have accumulation via 
reservoirs and persistence for long enough to accumulate enough 
material. 


Gerald Joyce: 


So, we've talked about clays and other minerals as a way to sequester mate- 
rials for surface catalysis. There's a more radical proposal that's been 
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made, with very little experimental support, that says that something more 
dramatic could be happening in clays, which is Darwinian evolution. When 
you were talking about multivariate MOFs (Metal Organic Frameworks) 
the other day, and thinking about differential occupancy along a linear 
string, it has been suggested that on a two-dimensional surface of a clay, 
there can be informational representation of solutes that are deposited as 
features of the clay that have an informational sense to them. Now that 
information doesn't have value unless it's propagated and preserved, if it's 
going to be a Darwinian system. But it has been proposed — this is 
Graham Cairns-Smith, back in the 70s, who was the first to get explicit 
about this — that the successive layers of the growing clay would, either in 
a complementary manner or in an identical manner, recapitulate that infor- 
mational layout on the surface, and propagate it with sufficient fidelity that 
Darwinian information can be maintained over time. And furthermore, it 
would adapt, because any surface pattern that was especially advantageous 
would propagate better than one that was less advantageous, and so on, and 
so on, and so on. And I just put that one out there to the audience. It's, of 
course, logically consistent, but there is very little experimental evidence 
for that. And this, I guess, comes back to John's question: Is there a whole 
other place to look than where we are now? We've been so much under the 
lamppost of "life as we know it" that we need a completely different set of 
techniques that would be necessary, in this case, to interrogate what is the 
very detailed distribution of features or charge or facets. Could it be some- 
thing on the more meso scale, and can that propagate and evolve? Omar? 


Omar Yaghi: 

I was just gonna say that thanks to your answers now Bert’ supramolecular 
chemistry and my chemistry have their origins in the origin of life. So next 
time, maybe you should invite us as speakers in your session? What about 
the control experiment or under control conditions? Laboratory conditions 
are trying to simulate the original parameters of the origin of life? Maybe 
that's too naive? 


John Sutherland: 

There are some toxicity issues. You'd have to have a closed vessel, basi- 
cally, to contain the cyanide and the hydrogen sulfide. So we've consid- 
ered it, but we've not found a deserving postdoc yet! 
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Omar Yaghi: 
But I mean, you can work with toxic materials, right, safely? 


Jack Szostak: 

Yes! So John didn't go into it. But people are trying to use flow systems 
to sort of mimic the model reservoirs and streams and starting small with 
just a few steps... But I think, on the long term, the goal would be to try 
to connect as many steps as possible in a way that's consistent with a 
reasonable geological scenario. 


Gerald Joyce: 
Okay, I'm going to put Andy (Turberfield) on the spot here. Since we're 


talking, getting a little further out, about what would still constitute a liv- 
ing system, but wouldn't be anything like ours. Can you see a system, this 
would be an artificial life type system, based on, say, DNA origami type 
structures, that contains information, propagates that information , and 
begins to evolve in a Darwinian sense? 


Andrew Turberfield: 

I mean, information comes for free if you're playing with ready formed 
DNA. I guess the question is the self replication, and especially the selec- 
tion pressure. So, as you know, there are lovely experiments from Erik 
Winfree and Rebecca Schulman on propagation of DNA crystals, self- 
assembled crystals carrying information. They certainly showed replica- 
tion, generation to generation, they showed variation. I think they just 
about showed selection pressure, because they selected for fragmentation, 
which was there for nucleation of new replicating strands. So, again, those 
experiments are the nearest I can come to an off the cuff answer. 


Gerald Joyce: 


It is a little too obscure a reference. But these are obviously just artificial 
constructs. Yet as long as the information is represented, and can be repli- 
cated with reasonable fidelity, and that there's variation, then there's the 
opportunity for selection. In that example, and in what we all study too, 
which is more related to the historical origins of life, there's another prob- 
lem besides just the fidelity problem that I talked about. There's the repli- 
cation problem. Just doing the reactions. Then there's the fidelity problem. 
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But there’s also the opportunity space, right? So it’s not enough for a 
chemical system to begin to undergo Darwinian evolution. It has to be 
able to go somewhere. If it only can just flip a bit up or down. No offense, 
but that’s kind of where the Schulman system is. It can make a left right 
choice, that’s not going to be robust to significant changes in the environ- 
ment, for example. So, you wouldn’t want to say that it’s universal, like a 
Von Neumann machine, a universal replicator constructor that can do all 
possible logical things, or all possible chemical things. But it needs to 
have some opportunity space to explore, some more or less open-ended 
space for evolution. And that has obviously happened at least once. 
I haven’t seen another example of a system that does that. And I guess to 
take it one further step: I always wonder, is there a whole other way to do 
this that isn’t Darwinian? Is there a way to propagate information and 
persist despite the changing environment, to have a kind of memory for 
what has worked and apply that to the future? But it’s not the Darwinian 
paradigm, okay? That doesn’t mean things like autocatalytic cycles, 
which are just existential events of chemistry, but some other way in 
which a system can sustain itself over time, despite a fluctuating environ- 
ment. So I would put those two pieces out there; it’s got to actually have 
room to roam. And maybe there’s a whole other paradigm for how to do 
it that none of us have conceived. So Andy, I know I cut you off, you’re 
going to say something? 


Andrew Fire: 
Merely that I now know what a straw man feels like! 


Gerald Joyce: 


We’re coming to the end. But Jack, maybe, and then Peter, one last com- 
ment, and then we’ll close. 


Jack Szostak: 

Yes, I just wanted to bring up the fact that there are several labs, ours, 
Chris Hunter’s and several others who are trying to design genetic poly- 
mers that can do templated replication, and that could be the basis of 
totally different Darwinian system. So it would be artificial, intelligently 
designed. It’s a huge challenge for chemistry to make anything that’s 
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anywhere near as good as RNA and DNA. But I think that makes it a very 
attractive challenge. 


Peter Palese: 

Yes, I just wanted to say we talked a lot about prebiotic situations, viruses, 
even though we have very successful RNA viruses, I think they really 
come after cells have been formed in the way we know them now. 
Because, as Gerald pointed out, viruses are not living in this same sense 
as bacteria, for example. So they really need components of a well func- 
tioning cell. And therefore, I think viruses have come later, whether they 
are DNA or whether they are RNA. And I think, in that sense, I was the 
last of the speakers, but I think they are really much newer, and much 
more recent, in the evolution of life. 


Ben Feringa: 

One question about viruses and vaccines. We get, as scientists, often con- 
fronted with the question, why do we need vaccines? And what is this with 
this viruses? And of course, then I mentioned polio, you know, and I men- 
tioned Spanish flu that we heard today. But do you have an advice for us? 
Being scientists, what message should we give to our politicians or the 
general public? I’m not even talking about politician, the general public in 
our general lectures, when we get these questions? The reason I get con- 
fronted with this is when I talk about my nano machines, they say, “Oh, 
this is so dangerous”. And then I say no! More dangerous then nanoma- 
chines are viruses! Then we get this discussion about viruses and then you 
have these disbelievers. So do you have an advice for us? 


Peter Palese: 
Pray! 


Karla Kirkegaard: 

I think one of the things that’s happened during this pandemic is that 
finally there has been an appreciation that you do it for other people, as 
well as yourself. I think, what I used to tell people was: sure if you don’t 
want to vaccinate your child, you want your little numb kid not to get 
stuck with a needle. Fine! Just have them stay home the rest of their lives. 
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But you know, it's not just about selfishness. It's about other people. It's 
about other people's grandmothers and stuff. And I think that really helps 
people. Some kinds of people sometimes be more accepting of vaccines. 


Ben Feringa: 
Yes. But you know, I had these cases where there was a big guy with a lot 
of tattoos and said, I don't want to have a needle in my body! 


Karla Kirkegaard: 

Well, one of my favorite things that happened during the pandemic was a 
bunch of guys with tattoos were outside a bar. And I was visiting my 
friend in the Olympic Peninsula. And I walked by, and they were talking, 
and one of them said “you know, I'm gonna just do what Tony says, 
I believe Tony". And that was one of the high points of my pandemic. 


Daniel Nocera: 

Could I just ask one quick question to Peter? You're doing a nasal spray, 
and I just saw AstraZeneca failed on their trial, instead of pharmacological 
problem, that seems pretty straightforward. Just from way on the outside, 
I was just wondering why that would have failed so quickly. 


Peter Palese: 

The adenovirus has the S protein incorporated in the genome. So when it 
comes into the nasal cavity, upper respiratory tract, the virus, the carrier 
goes in, and the adenovirus itself does not expose the S protein, it is only 
genetic information. And so the adenovirus doesn't replicate probably 
well enough to really express the S protein in infected cells. So the titer is 
a little bit too low. But, if you give it probably three or four times it will 
probably be okay. So there's nothing really wrong about it. It's not danger- 
ous, I think it's just that it does not reach the expression of the S protein 
to levels where we make enough antibodies. 


Karla Kirkegaard: 
I want to say another reason why I love vaccines, and some of it has to do 


with the genetics that I was talking about. So if you have, for example, an 
antiviral, and you're worried about resistance. There's like one mutation 
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that you need, usually to get that. But then you think about our antibody 
response, and we make so many antibodies that's like built in multi drug 
therapy. First of all, there's that. And then there's the other thing that I 
talked about, which is dominance, basically. That if there's a vaccine 
resistant, an antibody resistant virus that comes out, it's coming up in a 
cell that's full of other antigens that they're going to put on the surface. So 
it's was shown by Esteban Domingo, who's a famous RNA geneticist, a 
long time ago, their resistance to monoclonal antibodies is exactly sup- 
pression of that is suppressed, because there are so many different epitopes 
in the cell at same time, that the new resistant one doesn't express its 
phenotype, he called that « phenotypic masking ». So, between those two 
phenomena of phenotypic maskings, you're not getting selection out of 
the cell for something that's antibody resistant, and that there are multiple 
antibodies that recognize different parts of it will never get antivirals as 
good as vaccines. It’s just that it’s the best example of Preventative 
Medicine. And so sometimes people don't have the foresight to do it. 


Peter Palese: 
Just half a sentence. Per dollar or per euro, vaccines are really a fantastic 
bargain, just to reiterate what Kierkegaard said. 


Gerald Joyce: 
All right. We're going to close the session at this point. Thank you, 


everybody. 


This page intentionally left blank 


© 2024 The Solvay Institutes 


https://doi.org/10.1142/9789811282324 bmatter 


Index 


ab initio calculations, 179 
addressing, 73, 75 

adsorption isotherm, 176-179 
aerobic oxidation, 9, 11, 12 
ammonia, 286, 287, 203-296 
amplification, 74 

artificial intelligence, 203 
Artificial Leaf, 252-255 
artificial life, 100 

artificial molecular machines, 80, 81 
assembly, 74, 75 


biocatalysis, 377—379 


cages, 207-210 
Carbon Capture and Storage, 19 
carbon cycle, 309 
carbon dioxide, 16 
carbon fixation, 312 
catalysis, 3—6, 112, 114, 

250, 251, 256 
catalytic flexibility, 390 
cationic rearrangement, 391 
chemical accuracy, 177, 179 
Chemical Leasing, 18 
chemical structure, 155, 158, 159 


chiral amines, 383, 384 

CO, emission, 276, 277 

CO, fixation, 311, 312, 314 

cofactors, 382 

colloidal crystal engineering, 190, 
195 

contrathermodynamic, 33 

cooperative supramolecular 
polymerization, 98 


depolymerization, 33 

deracemization, 34, 35 

dilution-induced assembly 
process, 98 

directed molecular evolution, 454 

DNA, 189-191, 193-195 


E. coli, 310, 313, 315, 316 

efficiency, 260, 261, 263, 264 

electricity, 275, 277—281 

electrochemistry, 290 

electrolysis, 286, 287, 289, 291—294, 
296 

electron transfer, 33 

electrosynthesis, 204—296 

energy, 9, 10 


507 


508 Index 


evolution, 310, 312, 313, 315, 316, 
445, 447 
excited state, 32 


free energy predictions, 175, 176 
fusion, 210 


gel-sol-gel-sol transition, 98 


high-throughput screening, 202 

high-throughput synthesis, 203 

hydrocarbons, 9, 11 

hydrogen, 275, 278—281, 286, 287, 
289, 292-296 

hydrogenation, 16, 17, 20 


in vitro selection, 454, 456, 457 
kinetic asymmetry, 111, 114 


life-like supramolecular systems, 95, 
96, 99 
lithography, 200, 201 


materials discovery, 199, 203 

mechanical bonds, 80, 81 

mechanistic understanding, 12 

membrane, 286 

metal-halide perovskites, 260—264 

methane, 9-12 

methanol, 10-12 

methylated nucleoside, 454, 457 

methyltransferase, 454—457 

metal-organic framework (MOF), 
175, 176, 178-180 

molecular machines, 87, 93, 112 

Moore’s Law for Chemistry, 18, 20 


motility, 87-89, 91, 93 
motion, 74—77 


nanoparticles, 191, 193, 200—203 
natural products, 377 

non-covalent synthesis, 96, 98-100 
non-physiological reactions, 389 


oligonucleotides, 447, 448 
organocatalysis, 3—6 
oxidation, 16 


pathway complexity, 96—98 

perovskites, 201, 202, 260—264 

pharmaceuticals, 4 

photoluminescence, 201, 202 

photo-reactors, 17 

photoredox, 3-6, 31 

poly-reactive, 390 

power generation, 259, 260 

power to X, 278 

primer extension, 446—448 

programmable atom equivalent, 191 

protein design, 208 

protocells, 445, 449 

proton, 287, 288, 291—293, 295 

proton-coupled electron transfer 
(PCET), 33, 250 


QM:QM calculations, 177 


rational design, 175, 176, 179 
renewable energy, 259, 275—278, 280 
reproducibility, 96, 99 

reticular chemistry, 153, 155-158 
riboswitch, 456 

ribozyme, 453-458 


RNA, 446-450 

RNA catalysis, 454, 456 
RNA modification, 453, 454 
RNA world, 455 


self-assembly and 
self-organization, 96—98 

sensing, 74 

singlet oxygen, 16 

solar, 250—252, 255-257, 260, 261 

solvents, 15, 16, 19, 20 

squalene hopene cyclase, 390 

stability, 262—264 

supercritical, 16, 20 

supramolecular chemistry, 95, 
96, 99, 114 

supramolecular polymers, 96—98 


Index 509 


sustainability, 257 

sustainable energy, 286 

sustainocene, 257 

symmetry, 208-211 

synthesis, 3-6 

synthetic biology, 256 

synthetic hydrocarbons, 275, 279, 
281 

systems chemistry, 93 


template copying, 448, 450 
vesicles, 448—450 
work production, 84 


zeolites, 175 


This page intentionally left blank 


